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Kurzreferat 
 
In der vorliegenden Arbeit wird eine Methode vorgestellt, mit welcher die Zuverlässig-
keit mikroelektromechanischer Systeme (MEMS) bezüglich stoßinduzierter Fehlerme-
chanismen bereits in der Entwurfsphase neuer Produkte abgeschätzt bzw. verbessert 
werden kann. Der Ansatz bezieht sich dabei auf bruch- sowie adhäsionsbedingte Aus-
fallmechanismen und erfordert zwei wesentliche Schritte. Zuerst werden Systemmodel-
le der jeweils zu untersuchenden mikromechanischen Systeme erstellt, welche die Be-
rechnung der Stoßantwort wie auch der dabei auftretenden Belastungen in Sinne von 
Auslenkungen, Deformationen und Aufprallkräften ermöglichen. In einem zweiten 
Schritt wird die zur Fertigung vorgesehene Technologie bezüglich des Auftretens beider 
stoßbedingter Ausfallmechanismen sowie deren Abhängigkeit von verschiedenen Um-
gebungsbedingungen oder Betriebsparametern systematisch untersucht. Die aus der 
Prozesscharakterisierung resultierenden Daten dienen zur Ableitung prozessspezifischer 
Fehlerkriterien, welche die Einschätzung der zuvor berechneten Lasten ermöglichen. 
Auf diese Weise kann abgeschätzt werden, inwieweit die Zuverlässigkeit der betrachte-
ten mikromechanischen Strukturen beeinflusst wird bzw. mit welchen Maßnahmen die-
se gesteigert werden kann.  
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1 Introduction 
The reliability of micro-electro-mechanical systems (MEMS) is, beside their functional-
ity, price and size, one major aspect determining whether MEMS are deployed in vari-
ous technical applications or not. MEMS are expected to fulfill their sensory or actuato-
ry functionality even under harsh environmental conditions, for instance when exposed 
to high temperature gradients, shocks or vibrations, radiation, high humidity or pressure. 
The reliable operation of MEMS is, apart from economic aspects, particularly important 
in safety relevant applications affecting the health or life of humans, e.g. in automobile 
applications in terms of steering, brakes or airbags [Müller-Fiedler02]. Typical failure 
mechanisms that can affect the reliability of MEMS can be distinguished into 
[Huang12]:  
– Mechanical fracture; 
– Adhesion; 
– Charge accumulation; 
– Wear; 
– Fatigue and creep; 
– Electric short circuits and openings; 
– Contamination. 
The susceptibility of MEMS devices regarding the different mechanisms of failure de-
pends on the MEMS type, its principle of operation and the utilized fabrication technol-
ogy. According to [Tanner09], MEMS can be classified into four categories. Devices in 
category I have no moving parts such as pressure sensors; category II devices have 
moving but not impacting parts like accelerometers or gyroscopes. Category III com-
prises MEMS containing moving parts with impacting surfaces like the micro mirror 
array of Texas Instruments. Finally, category IV devices contain moving parts with im-
pacting and rubbing surfaces. 
With regard to this thesis, considerations are limited to MEMS devices of category 
II. Those devices are particularly susceptible to mechanical shock accelerations as they 
can lead to excessive deflections of movable structural components. Thereby, two major 
failure mechanisms––fracture and adhesion––can be triggered which are the subject of 
this thesis.  
Fractures at micromechanical components can arise due to excessive deflections if 
the device travel is not limited and the resulting stress exceeds the fracture strength of 
the utilized materials. On the other hand, if the deflection of micromechanical compo-
nents is limited by travel stops, arising impact forces on travel stops can also induce 
fractures. At the early beginning of MEMS, however, fracture related failures had not 
been an issue [Miller98] because of the thin functional layers of surface micro-
machined devices made e.g. of poly-silicon. But as fabrication technologies improved, 
the thickness of functional layers and, therefore, device masses grew. Typical shock 
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levels that may occur during the final application of MEMS in the range of about 100 g 
up to 5000 g or even higher (with 1 & =  9.81 3/m) increasingly became a problem, 
as higher masses lead to higher shock-induced loads. 
A further failure mechanism that can be triggered by shocks is adhesion. Movable 
structural components are deflected as a result of an acting shock acceleration leading to 
contacts between adjacent parts. If adhesion forces at the interface of two bodies in con-
tact exceed the tensile forces trying to separate them, the components will stick perma-
nently, usually prohibiting a MEMS device to fulfill its intended functionality. This 
failure mode is particularly common in MEMS devices due to their small structural di-
mensions. According to the scaling law [Miller98], surface forces become dominant 
compared to volume-related forces like gravitation. In the literature, adhesion-induced 
failures are widely referred to as “stiction” [Sammoura09], [Bhattacharya01], 
[Huang12]. However, the term “stiction” stems from static friction, which usually oc-
curs between two solid bodies prohibiting sliding. The term stiction was originally used 
in the context of hard disk drives in the 1980’s in case the slider stuck to the disk [Bhu-
shan03]. In this case, force components normal as well as tangential to the contact sur-
faces occur [Maboudian97]. Consequently, the term stiction mainly applies to adhesion-
induced failures in MEMS of category IV.  
Adhesion-induced failures can be distinguished into so-called in-use and release ad-
hesion. In-use adhesion failures occur due to accidental contacts between structural 
components, mainly during the end application of MEMS devices. Release adhesion, on 
the other hand, is related to fabrication and occurs in the final wet etch release step dur-
ing removal of the sacrificial layer between substrate and functional layer (see Fig. 1.3). 
Failures due to release stiction are not covered in this thesis, as they can be reduced by 
optimizing the fabrication processes e.g. by freeze sublimation, supercritical drying or 
coatings [Miller98]. 
Subject of this thesis are shock-induced failures of breakage and adhesion, which 
may occur during the final application of MEMS devices of category II consisting of 
movable structural components.  
Motivation 
Producers of MEMS devices have to ensure the reliable functionality of their products 
within specified ranges of environmental and operational conditions. With regard to 
shock-induced failures, MEMS devices are required to survive without failure up to a 
specified shock level. One commonly applied approach to evaluate the shock resistance 
of MEMS is to experimentally verify device reliability by drop tests, as reported in 
[Li00]. Experimental approaches, however, imply that first investigations on device 
reliability can only be performed after the first prototypes are fabricated. If the investi-
gations reveal that a certain type of device does not fulfill the desired specifications, a 
redesign is required. Moreover, if the search for root causes of failures is not successful 
at the first redesign, a second or third one might be required, leading to an iterative op-
timization procedure [Hartzell11]. In fact, the costs for developing a new product as 
well as the time required to bring the product to the market can increase significantly.  
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A further drawback of pure experimental approaches is that shock tests are performed 
without knowledge of the resulting system responses and arising load conditions in the 
tested MEMS devices. Consequently, it is unknown whether the applied shock accelera-
tions during the tests––in terms of pulse duration, pulse shape, shock direction and con-
tained frequency components––really constitute critical load conditions for the devices. 
As a matter of fact, shock-induced device failures can still occur during the end applica-
tion MEMS even if the devices passed the performed qualifications test and acting 
shock loads during their final use––e.g. the shock levels––are apparently lower than the 
tested loads. 
In order to avoid expensive and time-consuming redesigns or device failures in the 
end application, the reliability of MEMS has to be considered already during the design 
phase of new products. Such an approach is commonly called “design for reliability” 
[Müller-Fiedler02] and [Hartzell11]. The central idea is to take into account general 
aspects relevant to reliability early on in order to save time and costs. Fig. 1.1 illustrates 
qualitatively rising costs involved by changing a design or product with increased de-
velopment state [Müller-Fiedler02]. 
 
Fig. 1.1:   Increase of costs as a function of a product’s development state [Müller-Fiedler02]. 
According to [Müller-Fiedler02], designing for reliability requires an understanding of 
the background of failure mechanisms; identification of material and design parameters 
that affect the reliability of MEMS by experimental and theoretical investigations; as 
well as implementation of reliability models and design rules. Realizing the proposed 
approach involves comprehensive knowledge in several fields of engineering such as: 
– Modeling and simulation; 
– Design and Layout; 
– Fabrication technology; 
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– High volume manufacturing; 
– Assembly and packaging; 
– Measurement and Characterization; 
– Stress testing; 
– Data evaluation [Müller-Fiedler02]. 
Objectives of this thesis 
This thesis focuses on shock-induced failures of breakage and adhesion, applying the 
general approach of early consideration of MEMS reliability. Thereby, investigations 
are limited to MEMS devices without package. 
For this purpose, two major steps are required, illustrated in Fig. 1.2. On the one 
hand, possible load conditions in MEMS devices that result from acting shock accelera-
tions need to be identified, as these may trigger breakage or adhesion-induced failures. 
Therefore, the transient system responses of considered MEMS devices have to be cal-
culated depending on acting shock accelerations. This requires the implementation of 
system models of the considered devices hereafter referred to as impact models. 
Impact models are created by a kind of toolbox. Once the toolbox is implemented, it 
enables generating system models of different MEMS quickly and conveniently. There-
by, impact models have to trade off two major goals of simulation: speed and achieva-
ble accuracy. On the one hand, the models have to enable fast simulations in order to 
enable sweeps of design parameters of MEMS as well as shock parameters like shock 
level, direction, duration or shape. On the other hand, the models have to be able to ac-
count for the complexity of MEMS systems in terms of the variety of potential degrees 
of freedom or involved fluid interactions. 
After possible load conditions have been identified with impact models, it is neces-
sary to evaluate whether the determined loads are critical for a specific MEMS design or 
not. Therefore, the pursued approach requires a second major step of investigating adhe-
sion- and fracture-induced failures for a specific fabrication technology intended to pro-
duce the considered MEMS design. Both failure mechanisms have to be characterized 
systematically with regard to their dependence on different operational and environmen-
tal parameters in order to establish a comprehensive set of failure criteria. For this pur-
pose, test devices are required that enable experimental investigations of both failure 
mechanisms, as for example the adhesion behavior at various spots of contact or the 
fracture strength of utilized materials or design components (e.g. spring suspensions). 
Based on the achieved results, failure criteria are derived, providing a comprehensive 
database which can be applied to predict the failure behavior of arbitrary devices fabri-
cated by the investigated technology. 
Introduction 16 
 
 
Fig. 1.2:   Approach to evaluate and increase MEMS reliability regarding shock-induced failures  
 [Naumann11]. 
The approach described above can be applied to evaluate the reliability of a specific 
MEMS design with regard to an existing product specification, such as a minimum re-
quired shock level a device has to survive, or with regard to expected operating condi-
tions like application-specific vibrations or shock levels. On the other hand, if the inves-
tigations reveal that a specific design does not achieve the desired objectives for device 
reliability, the approach allows optimizing it by choosing suitable design parameters. 
Finally, the pursued approach can be used to identify critical shock excitations for a 
specific MEMS design in terms of shock direction, duration, level or contained frequen-
cy components (vibrations). Based on this knowledge, device specific test procedures 
can be set up such that product-specific qualification tests can experimentally verify the 
reliability of the final MEMS product. 
Fabrication technology 
This approach to evaluate and increase MEMS reliability has been applied to two sur-
face-micromachining fabrication technologies, hereafter referred to as technology TA 
and TB. For a general understanding of MEMS devices and test procedures, introduced 
in the following chapters, a principle sketch of the composition of device layers is illus-
trated in Fig. 1.3, applicable to both technologies, TA and TB.  
Introduction 17 
 
 
Fig. 1.3:   Principle sketch of applied surface-micromachining fabrication technologies. 
MEMS devices fabricated by TA or by TB basically consist of a substrate wafer, an 
isolation layer, a conductor layer made of thin poly silicon, a sacrificial layer and a 
functional layer with a thickness of 25 µm. Within the functional layer, movable struc-
tural components are realized by a photolithographic patterning and subsequent removal 
of the sacrificial layer via an etch process. The released structural components within 
the functional layer are mounted on the substrate by so-called anchor elements bridging 
the sacrificial layer.  
MEMS devices fabricated by TA or TB are intended to be operated electrostatically 
in terms of a sensory or actuatory functionality; electrical potentials have to be applied 
between different structural components. For this purpose, the conductor layer is uti-
lized realizing the electrical connection between structural components and bond pads 
as illustrated in Fig. 1.3. In the context of this thesis, bond pads have been electrically 
connected with the utilized measurement equipment like signal generators or oscillo-
scopes by prober needles mounted on micro-manipulators as part of the utilized manual 
wafer proper PM8. Through voltage potentials applied between different structural ele-
ments within the functional layer, in-plane motions parallel to the substrate wafer can be 
realized, e.g. in order to contact side walls of the functional layer in the context of adhe-
sion investigations. In case of desired structural displacements out of the wafer plane, 
the conductor layer can be utilized in terms of a ground electrode. 
The main difference between MEMS devices fabricated using TA or TB lies in the 
material of the functional layer. In case of TA, the functional layer is made of poly-
crystalline silicon; in case of TB, it is made of single crystalline silicon. Due to this dif-
ference, both technologies strongly differ in performed production processes, which in 
turn leads to divergent properties of materials, material interfaces and surfaces and thus 
finally to varying failure behavior. 
Outline of the thesis 
This thesis is subdivided into eight chapters. In chapter 2, both shock-induced failure 
mechanisms of breakage and adhesion are introduced. It lays out how both failure 
mechanisms can be described, as well as presents the mechanisms’ dependence on dif-
ferent environmental or operational parameters. 
 
Substrate
Isolation layer
Conductor layer
Functional layer
Sacrificial layer
Patterning
Release etch
Movable 
structure
Anchor Bond pad
Prober 
needle
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Chapter 3 provides an overview of the present state of the art regarding MEMS reliabil-
ity in the context of breakage and adhesion-induced failures. The literature is surveyed 
with focus on general as well as shock-related aspects. Furthermore, common measures 
to improve MEMS reliability are summarized. 
 
In chapter 4, the two fabrication technologies are characterized with respect to both fail-
ure mechanisms of breakage and adhesion, the focus being on TA. The characterization 
procedures, utilized test devices as well as the obtained results are discussed. 
 
Chapter 5 introduces the implemented impact models required to calculate the shock 
responses of MEMS devices as well as arising loads. Two models based on lumped el-
ements and a reduced order algorithm are presented and their advantages and disad-
vantages are discussed. 
 
Chapter 6 summarizes constructive measures that can be applied to improve the reliabil-
ity of MEMS devices regarding shock-induced failures. In particular, design optimiza-
tions of spring suspensions and the application of travel stops and spacers are discussed. 
 
Chapter 7 demonstrates the application of the introduced reliability approach in two 
case studies. Capabilities and limitations of this approach are evaluated. 
 
Finally, a short summary and conclusions are provided in chapter 8.  
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2 Failure modes 
Shock-induced failures due to breakage or adhesion can occur during the fabrication of 
MEMS devices or during their final application. In order to assess the reliability of 
MEMS or to find measures to even improve it, both failure modes––breakage and adhe-
sion––need to be well understood. This chapter provides some basics required to com-
prehend and describe both failure mechanisms.  
2.1 Breakage 
Fractures in MEMS devices mainly occur during overload situations, when the acting 
mechanical stress within a material exceeds its fracture strength. The special case of 
fatigue failure, which can occur at cyclic loaded materials exposed to stress levels 
markedly below their fracture strength, is not subject of this thesis.  
This chapter introduces fracture mechanical concepts required to describe fracture 
events in MEMS devices and, hence, to enable assessments on the reliability of loaded 
parts or materials. Section 2.1.1 gives a brief overview on the extensive topic of fracture 
mechanics. It provides a classification of the utilized fracture mechanical concepts, 
which are introduced in the following section 2.1.2. 
2.1.1 Fracture mechanics – fundamentals 
Fracture mechanics deals with the failure of mechanical loaded materials or parts––from 
a technical point of view––due to fracture. Fracture means the separation of material 
that happens mainly due to excessive propagation of cracks within a material. There-
fore, large thematic areas of the general subject of fracture mechanics deal with the de-
scription of cracks in terms of the stability or propagation speed of cracks as well as of 
their propagation direction. Before fracture at a loaded part occurs, the material com-
monly undergoes structural damage. 
Material damage 
In general, it is assumed that real and pristinely non-loaded materials contain numerous 
microscopic defects like cracks and pores. If the materials are mechanically loaded, de-
fects will grow and conjoin, which corresponds to the process of material damage. As a 
result, macroscopic material properties like stiffness or strength can change. The specif-
ic processes of damage of loaded materials determine their fracture behavior. They can 
be classified as creep, brittle and ductile damage as well as fatigue [Gross01]. With re-
gard to this thesis, the brittle material behavior is of particular interest as the basic mate-
rials utilized in the investigated fabrication technologies like single- or polycrystalline 
silicon, silicon nitride and silicon oxide mainly show brittle fracture behavior 
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[Jadaan03]. The dominant mechanism of brittle material damage is the propagation of 
micro-cracks within the loaded region of a part. This process continues until one crack 
reaches a critical size and, therefore, becomes instable. In this case, the crack propagates 
with a high speed, usually until the material is completely separated. A typical charac-
teristic of brittle materials is their almost pure elastic behavior until breakage. In the 
following chapters, materials that show a brittle fracture behavior are referred to as brit-
tle materials.1 
In comparison, materials with a ductile behavior only show an elastic behavior as 
long as the load is smaller than the yield strength of the materials. Above this yield 
point, the material behavior becomes inelastic, which means that plastic deformations 
will occur until breakage.  
Classification of fracture mechanics 
Based on the considerations of different mechanisms of material damage, a further clas-
sification of the general subject of fracture mechanics can be made. Accordingly, the 
topic of fracture mechanics can be considered under the aspects of 
– linear and non-linear;  
– deterministic and probabilistic fracture mechanics; as well as  
– according to the considered material (metallic, mineral, etc.) [Gross01].  
With regard to this work, the first two points are of particular interest. The linear frac-
ture mechanics describes the effects of breakage based on the linear theory of elasticity 
according Hooke’s Law and therefore plays an import role for describing brittle material 
fracture. The non-linear fracture mechanics has to be applied to consider inelastic mate-
rial behavior as can be observed at materials showing a ductile behavior. A further im-
portant distinction concerns deterministic and probabilistic fracture mechanics, which 
are discussed in detail below. 
Deterministic fracture mechanics 
The application of deterministic fracture mechanical concepts enables explicit state-
ments on whether a material or part, when exposed to a certain load, will break or not. 
The statements are based on the application of fracture criteria or strength hypotheses. 
In case of brittle materials, fracture criteria based on the linear fracture mechanics ap-
ply. Two criteria can be used: The first one is founded on the considerations of A.A. 
Griffith (1921) regarding the energy release rate ( during crack propagation; the second 
one is based on stress intensity factors / introduced by G.R. Irwin (1951). Both criteria 
enable estimating whether a crack within a material of a specific shape and exposed to a 
specific load condition will become instable or not. Accordingly, the current load state, 
                                                     
1  The term “brittle materials” is only intended as an abbreviatory description for materials which 
show a brittle fracture behavior. Thereby, it should be pointed out that also originally ductile ma-
terials can exhibit a brittle behavior under certain circumstances [Gross01]. 
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represented by the parameters ( or /, respectively, is compared to the critical strength 
parameters of the material in terms of the crack resistance ( or the fracture toughness /. Failure of the material can be excluded if ( < ( or / < /, respectively.  
Applying deterministic failure criteria requires the determination of the load-
dependent parameters ( or / based on the knowledge of specific defect characteristics 
of the material like shape, location, size and orientation of micro-cracks or pores. How-
ever, in case of materials showing a brittle behavior, defect characteristics can exhibit 
distinctive variations within a material or part as they are strongly affected by the ap-
plied fabrication process. Consequently, the load parameters ( or / cannot be deter-
mined precisely due to unknown or varying defect characteristics. Furthermore, the ma-
terial dependent strength parameters / and ( can similarly exhibit strong variations in 
case of brittle materials.  
Due to variations of defects characteristics, identical parts or components made of 
the same brittle material will show distinctive variations of their fracture strengths. 
Some of those parts will break at smaller loads compared to others. As the consideration 
of this kind of deviant fracture behavior by deterministic approaches is hardly possible, 
a probabilistic approach is usually applied, which makes it possible to account for vary-
ing strength properties of a material. 
Probabilistic fracture mechanics 
The previous section outlined the application of deterministic fracture mechanical con-
cepts that can answer the polar question whether a mechanically loaded material will 
break or not. Compared to this, probabilistic fracture mechanical concepts enable state-
ments on the probability of a mechanically loaded material to fail. By applying statisti-
cal methods, probabilistic approaches are able to account for variations of strength char-
acteristics of a material. With regard to brittle materials, a specific statistical theory has 
been developed that is introduced in the following section.  
2.1.2 Statistical theory of brittle material fracture 
The statistical theory of brittle material fracture is based on the considerations of W. 
Weibull (1939 and 1951), who proposed a statistical distribution function commonly 
utilized to describe the fracture behavior of brittle materials. Hence, the statistical theory 
of brittle material fracture is hereinafter also referred to as the Weibull theory.  
Weibull distribution function 
Based on empirical considerations, W. Weibull (1951) proposed a statistical distribution 
function 
<∗(o) = 1 − qrstrtuvtw xy , (2.1) 
which  
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“may be applied to the large group of problems, where the occurrence of an event 
in any part of an object may be said to have occurred in the object as a whole, 
e.g., the phenomena of yield limits, statical or dynamical strengths, electrical in-
sulation breakdowns, life of electric bulbs, or even death of man, as the probabil-
ity of surviving depends on the probability of not having died from many differ-
ent causes.” (W. Weibull 1951 in [Weibull51]) 
The equation calculates the probability < of a statistically distributed parameter z––like 
lifetime or fracture strength––to be smaller than or equal to a certain value o: 
<(z ≤ o) = <∗(o). (2.2) 
o., o: and 3 are parameters characterizing the distribution. Over the years, experi-
mental investigations of numerous scientists and research groups have confirmed the 
applicability of the proposed distribution function to adequately describe the fracture 
behavior of a wide range of materials showing brittle characteristics in numerous tech-
nical applications. However, at this point, it should be mentioned that the fracture be-
havior of brittle materials cannot always be represented by the Weibull distribution 
function. There are several scientific reports that demonstrate the insufficiency of the 
Weibull distribution function to accurately describe the real fracture behavior of brittle 
materials under the investigated circumstances [Danzer07], [Khandakar09]. The reason 
that the fracture behavior of some brittle materials in particular applications cannot be 
described by the Weibull theory lies in the assumptions and limitations the theory is 
based on. A more detailed insight in this theory is provided in the following section. 
Principles of the Weibull theory  
A specimen of an isotropic material showing a brittle behavior (see Fig. 2.1) is the start-
ing point of the following considerations. The specimen of volume J is exposed to a 
uniform and uniaxial stress state . It is assumed to have a statistically homogenous 
distribution of microscopic defects that for instance results from the fabrication process. 
Depending on their preferential location, volume, surface and edge defects can be dis-
tinguished. In the following sections, defects are expected to be distributed uniformly 
along the volume J of the specimen. Similar considerations can also be made for sur-
face or edge defects.  Due to the loading, some of the microscopic defects within J have 
to be considered as potentially critical as a result of their initial size, shape, or orienta-
tion with regard to the uniaxial stress state. Compared to others, those defects can be-
come instable and initialize the process of material fracture. It is assumed that only ten-
sile forces are able to cause material failure. Fig. 2.1 illustrates the situation where two 
defects are considered to be potentially critical. Each defect is assumed to have a proba-
bility of survival <. As the specimen can only survive if both cracks survive, the proba-
bility of failure of the specimen <= can be expressed by <= = 1 − (< ⋅ <). This ap-
proach corresponds to the theory of the weakest link, which is also a fundamental basis 
for the distribution function (2.1). As already mentioned, equation (2.1) is commonly 
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applied to describe the fracture behavior of brittle materials. For the current example, 
(2.1) can be modified into 
<=() = 1 − qr}~(), (2.3) 
whereby the exponent in (2.3) is interpreted as the load-dependent number of critical 
defects 6() within the considered volume J. In the present example of two critical 
defects, the investigated specimen has a probability of failure of <= = 1 − (< ⋅ <) =1 − qrm ≈ 0.86. Accordingly, the probability of survival of one critical defect is given 
by < = qr ≈ 0.37. 
From the previous considerations, it becomes evident that beside larger loads also 
larger volumes of specimens will lead to a larger number 6 of possibly critical defects 
and, consequently, to a higher probability of failure. In order to account for the depend-
ence of 6() on the size of the loaded volume, the defect density 
() is introduced 
and leads to 
<=() = 1 − qr(). (2.4) 
Equation (2.4) provides the basis for the Weibull distribution function and, hence, for 
the statistical theory of brittle material fracture in general. For (2.4) to be valid, two 
conditions must be met. A first condition relates to small overall dimensions of critical 
cracks compared to the dimensions of the loaded volume. In this case, geometrical dif-
ferences between critical cracks like shape and size only have a minor effect on their 
probability of survival < and can therefore be neglected. Hence, it can be assumed that 
the probability of failure of a loaded material only depends on the number of critical 
defects instead of on their individual properties. A second major condition concerns a 
relatively small defect density 
() because (2.4) assumes critical cracks to be stochas-
tically independent, which requires a sufficiently large distance between them. 
 
Fig. 2.1:   Example of a uniformly loaded specimen.  
Since real defect densities 
() within loaded materials or parts in practical applications 
are usually unknown, Weibull proposed an empirical approach:  
PS
PS
 
Microscopic defects
Critical defects
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() =

 1J:  − .: 
     8  > .
          0                  8  ≤ . 
. (2.5) 
. is the threshold load, J: the unit volume, 3 the Weibull modulus (shape parameter), 
and : the characteristic strength (scale parameter) related to J:. ., : and 3 are as-
sumed to be material parameters characterizing the distribution of the material strength. 
For  > ., the defect density 
() in (2.4) can be substituted by (2.5); this leads to the 
three parameter Weibull distribution: 
<=() = 1 − qr wsruvw xy . (2.6) 
For loads  < ., the defect density and, therefore, the probability of failure is as-
sumed to be zero. According to (2.6), larger volumes of the same material that are ex-
posed to the same load exhibit a higher chance of failure compared to smaller ones. This 
effect is known as size effect and is typical for materials showing a brittle fracture be-
havior. If . is very small––close to zero––it can be neglected; this yields 
<=() = 1 − qr ws wxy , (2.7) 
which is called the two parameter Weibull distribution. Equation (2.7) applies to situa-
tions in which the fracture of a loaded material cannot be excluded even for small loads. 
The previous equations have been derived for uniformly loaded materials of the vol-
ume J with homogeneous states of stress. Practically relevant load situations, however, 
commonly exhibit non-uniform load conditions. An extension of the equations to uniax-
ial but inhomogeneous states of stress can be obtained by subdividing the stressed vol-
ume into small sub-volumes ∆J". The dimensions of ∆J" have to be chosen such that the 
stress " inside can be assumed constant. According to the theory of the weakest link, 
the probability of failure for the whole volume can be calculated by  
<= = 1 − qr()∆ ⋅ qr()∆ ⋅ ⋯ ⋅ qr()∆ = 1 − qr ∑ ()∆ . (2.8) 
The transition to infinitesimal sub-volumes and the subsequent substitution of 
() by 
(2.5) for  > . yields 
<=() = 1 − qr  () = 1 − qr w  sruvw xy . (2.9) 
The exponent in (2.9) is called risk of rupture A$. Usually, the integral expression is 
substituted by 
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A$ = 1J:   − .: 
 J

= JKJ:  − .: 
, (2.10) 
whereby (2.9) can be rewritten into 
<=() = 1 − qrw sruvw xy . (2.11) 
JK is an introduced parameter called effective volume. 
Determining Weibull parameters 
Within the Weibull theory, the parameters ., : and 3 of the Weibull distribution 
function (2.6) or (2.11), respectively, are considered to be material parameters charac-
terizing the fracture strength of a material. Consequently, they fulfill a function similar 
to that of the material parameters of the crack resistance ( or the fracture toughness /, 
introduced in section 2.1.1 in the context of deterministic fracture mechanical concepts.  
In order to estimate the reliability of a mechanically loaded part of brittle material, 
equation (2.6) or (2.11) can be applied. This requires knowledge of the statistical 
strength parameters ., : and 3 of the utilized material. If the parameters are un-
known, they have to be determined by fracture tests at identical specimens of the mate-
rial under investigation. These tests yield the fracture strengths " with * = 1, 2, … , 6 of 6 specimens which are utilized to extract ., : and 3. In order to achieve a high sta-
tistical certainty of the obtained results, the number 6 of investigated samples should be 
as large as possible with regard to the effort involved by the sampling. Based on the 
sample data, the probability of failure of the investigated type of specimen can be esti-
mated depending on the acting stress. To that end, the individual fracture strengths " 
have to be sorted in an ascending way as depicted in Fig. 2.2 a). According to 
[Sachs06], each sample * is assigned a probability of failure <" by 
<" = * − 0.36 + 0.4    8 6 < 50 and (2.12) 
<" = *6 + 1    8 6 > 50, (2.13) 
which accounts for the limited number of sample points 6. Fig. 2.2 b) illustrates the 
measured fracture strengths of 60 samples and the corresponding probability of failure. 
At a load of  = 4300 ¢<, for instance, 60% of the specimens are expected to fail. 
Usually, a logarithmic representation of <=() is chosen in an xy-diagram with £ =0505 r¤¥ and o = 05, as illustrated in Fig. 2.2 c). Due to this transformation, the two 
parameter Weibull distribution becomes a linear function that enables a graphical esti-
mation of the statistical strength parameters. A more convenient and precise way of es-
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timating Weibull parameters even for the three parameter distribution is based on the 
maximum likelihood fit procedure. 
 
 a) b)   c) 
Fig. 2.2:   a) Determined fracture strengths of specimens; Probability of failure of the investigated speci-
men depending on acting stress: b) Linear scale, c) Logarithmic scale. 
The maximum likelihood procedure is a standard estimation method within statistics 
utilized to determine unknown parameters of distribution functions based on a certain 
number of samples. In the current case, the distribution of the determined samples is 
assumed to correspond to the density function () of the Weibull distribution (2.1) 
() = 3 a` ¦ − . a` §
r qr¦ruv©¨ §
y
, (2.14) 
whereby  a` = ` − .. ` is the characteristic strength but, compared to : in (2.6), 
related to the stressed region J of the investigated specimens. For a given set of Weibull 
parameters 3,  a`  and ., () calculates the chance of a certain fracture strength  to 
occur. In case of a given set of 6 samples ", the multiplication of individual probabili-
ties (") yields the total probability 2 of the set of samples to occur for a chosen set of 
Weibull parameters: 
2(3,  a` , .) = ª (",}"« 3,  a` , .). (2.15) 
2 is called Likelihood function and depends on the unknown set of parameters 3,  a`  
and .. The larger 2 becomes, the larger the probability of the current set of parameters 
to precisely represent the measurement samples. Hence, the maximum of 2 corresponds 
to the best estimation of 3,  a`  and .. In order to simplify this kind of maximization 
problem, the logarithm––as a monotone transformation––is commonly applied to 
(2.15), which enables an easier access to the unknown parameters within the exponen-
tial function: 
052(3,  a` , .) = ¬ 05(", 3,  a` , .)}"« . (2.16) 
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Equation (2.16) is called the Log-Likelihood function. It turned out that a direct solution 
of the maximization problem as proposed by [Lockhart94] by partial derivation of 
(2.16) for 3,  a`  and . and subsequent numerical determination of roots sometimes 
fails to converge and yields no unique solution. Therefore, an alternative approach has 
been implemented, as proposed by [Qiao95]. The maximization problem is reduced 
from three to two unknown parameters by temporarily assuming . to be known. As 
the reduced problem always converges, each . results into a corresponding 3(.) 
and  a` (.), which enables the calculation of the Log-Likelihood function 052(., 3(.),  a` (.)). The maximum of 052 can be determined by an efficient var-
iation of . within the range 0 ≤ . < min ("). For this purpose, [Qiao95] proposed 
the methodology of the Golden Section.  
After the set of unknown parameters is determined by the maximum likelihood pro-
cedure, the probability of failure of the investigated specimens can be calculated by 
<=() = 1 − qr¦ruv©¨ §
y
. (2.17) 
Fig. 2.2 b) and c) allow comparing between the observed and calculated probabilities of 
failure in the current example. The determined Weibull distribution function (2.17) ac-
curately describes the observed failure behavior of the specimens.  
Compared to (2.6), equation (2.17) is only applicable to predict <= for the investigat-
ed specimen as ` is related to loaded region J of the specimen. In order to obtain the 
complete set of statistical strength parameters and, hence, a generally applicable expres-
sion like (2.6), the characteristic strength : needs to be determined by  
: =  a`  JJ:
/, (2.18) 
which requires the stressed region J of the utilized specimen to be calculated. In case of 
specimens exhibiting inhomogeneous states of stress, the volume J in (2.6) has to be 
substituted by the effective volume JK. According to (2.10), JK can be calculated by 
JK =  ( − .)J(t − .) , (2.19) 
where t is the maximum tensile stress within the stressed volume.  
Application of the Weibull theory and its limitations  
One common question during the design of new mechanical components or parts, ap-
plied within technical systems, is whether they are robust enough to survive mechanical 
loads that may occur during the operation of a system. Fig. 2.3 a) shows exemplarily a 
section of a micromechanical link element connecting two masses with each other 
which are intended to oscillate as part of the device operation. Here, the question arises 
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whether the loads expected to occur within the link element are smaller than the fracture 
strength of this part, or whether design parameters of this component have to be modi-
fied in order to ensure the reliable operation of the component.  
One approach would be to fabricate the part and verify its reliability experimentally. 
However, a major drawback of this experimental test procedure emerges if requirements 
for reliability are not fulfilled. In this case, the design has to be modified, fabricated and 
tested again leading to an iterative procedure that is typically avoided. Therefore, gen-
eral aims for developing new mechanically parts are to estimate and ensure their relia-
bility during the design phase. This approach requires knowledge of acting loads as well 
as of the fracture strength of the utilized material. 
In case of MEMS devices, a majority of materials utilized for fabrication show a brit-
tle fracture behavior; they thus require application of the introduced Weibull distribu-
tion function in order to account for the variations of the fracture strength of those mate-
rials. In this case, the Weibull parameters ., : and 3 correspond to the statistical 
strength parameters of a material. The goal is to establish the Weibull distribution func-
tion (2.11) for a loaded part, as in Fig. 2.3 a), enabling to calculate the probability of 
failure depending on the acting load , which is given, for example, by the intended 
mode of operation of the part. If the calculated probability of failure is too high, design 
parameters have to be changed until requirements are fulfilled. The proposed procedure 
requires knowledge of the Weibull parameters describing the fracture strength of the 
material. 
As the fracture strength of brittle materials depends on the utilized fabrication pro-
cess, Weibull parameters cannot be obtained from standard table books. Consequently, 
fracture tests need to be performed to determine the Weibull parameters experimentally. 
Fracture tests are usually performed on simple specimens like for example the bar de-
picted in Fig. 2.3 b) instead of real device components. 
Once the statistical strength parameters of the material are determined, they can be 
utilized to predict the reliability of arbitrary parts or components made of the investigat-
ed material as for example the considered structure in Fig. 2.3 a). The described proce-
dure is also called ”probabilistic component design“ [Boroch06]. 
One advantage of this approach is that experimental fracture tests, which tend to be 
time-consuming and laborious, just need to be performed once in order to determine the 
Weibull parameters for a specific material. Once the parameters are determined, arbi-
trary parts or components made of the investigated brittle material can be estimated ac-
cording to their reliability for different load cases.  
A further advantage of this approach lies in the fact that fracture tests, required to de-
termine the Weibull parameters, can be performed at specimens of simple geometry 
exposed to well-known load situations instead of real technical applications that com-
monly involve complex mechanical parts or load situations. Due to the simplified test 
conditions, the time and effort involved in the fracture tests can be reduced. 
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                 a)   b) 
Fig. 2.3:   a) Section of a complex part of a real MEMS device exposed to a complex load situation; b) 
Simple specimen of the same material for fracture tests.  
However, in order to be able to apply the introduced approach of probabilistic compo-
nent design, the Weibull theory has to be valid––which means that the statistical 
strength parameters determined by fracture tests need to be real material parameters and 
therefore independent of the size of the investigated specimens as well as of the applied 
load case. As already mentioned at the beginning of this chapter, there is no general 
validity of the Weibull theory or the Weibull distribution function to accurately repre-
sent the fracture behavior of any brittle material. The Weibull theory is based on several 
assumptions that might not be met by all brittle materials in all applications. Typical 
reasons why the Weibull theory might be not applicable are variations of the defect den-
sity 
() within a material, or interactions between defects. Both can be triggered by 
internal stress, high stress or defect concentrations, small dimensions of stressed regions 
compared to the characteristic size of material defects and multi-modal failure origins in 
terms of co-occurring volume, surface, and edge defects [Danzer07], [Khandakar09]. 
Examining whether the Weibull parameters are material parameters or not requires frac-
ture investigations of different types of specimens of the same brittle material but with 
different sizes and shapes exposed to different load conditions. After fracture tests have 
been performed, each type of specimen and each investigated load case provides an in-
dependent set of statistical strength parameters ., : and 3. If the Weibull theory for 
the investigated material is valid, there should ideally be no difference between the dif-
ferent sets of strength parameters. 
However, small differences between the parameter sets can occur even if the Weibull 
theory is valid, as they are determined from a limited number of samples that may lead 
to a certain inaccuracy. For a reliable statement on the validity of the Weibull theory, 
the number of investigated samples for the individual specimens and load cases should 
be sufficiently large. 
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2.2 Adhesion 
Adhesion is a further major failure mechanism affecting the reliability of MEMS devic-
es. Adhesion-induced failures occur if originally movable micro-mechanical compo-
nents come into contact with surrounding parts or components and arising adhesion 
forces between both solid bodies in contact exceed the tensile forces trying to separate 
them from each other. The resulting permanent contact usually prohibits a MEMS de-
vice to continue its intended mode of operation and leads to failure. 
In case of the considered category of MEMS devices, contacts of movable compo-
nents are not part of the intended device operation. They occur accidentally in case of 
overload situations, typically due to mechanical shock accelerations. Thereby, the 
strength of adhesion effects determines whether the contact lasts permanently, or 
whether tensile forces are able to separate both bodies from each other. In general, three 
physical quantities are suitable to describe the strength of adhesion effects in terms of 
the specific surface energy PRR of interfaces, adhesion forces  and adhesion pressure 9. In section 2.2.1, these options are summarized and evaluated with regard to their 
applicability to describe adhesion-induced failures in MEMS.  
Section 2.2.2 gives a brief overview of the most important physical phenomena con-
tributing to adhesion effects between two contacting surfaces. Finally, a short summary 
is provided in section 2.2.3. 
2.2.1 Adhesion strength – physical quantities 
Specific surface energy PRR 
A first option to describe the strength of acting adhesion effects in MEMS devices is 
given by the specific surface energy PRR. Considering a solid body, the surface energy  of this body arises due to unbalanced interactions of atoms on its surface2. On aver-
age, atoms within the material are surrounded uniformly by neighboring atoms cancel-
ing out all arising interactions––commonly attracting forces––whereas atoms at the sur-
face can only interact with neighbors within the material. Consequently, a resulting 
force arises on outer atoms on the surface directed into the material. This force confers a 
kind of potential energy to the atoms on the surface of a material, which corresponds to 
the surface energy.  
In case of a contact between two solid bodies, interactions between atoms on the sur-
face of both bodies arise, leading to a reduction of their surface energy. The following 
example shows a possible contact situation of a bending beam, illustrated in Fig. 2.4. 
The beam with the thickness C1, the length 01 and the width L1 is suspended at the 
height ℎ above a substrate. 
                                                     
2  The surface of a condensed phase (solid or liquid) is commonly defined as its interface to a sur-
rounding gas phase. 
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Fig. 2.4:   Areal contact of a bending beam to a substrate. 
In case of no contact between beam and substrate, the total system is assumed to have a 
surface energy . If a contact between beam and substrate occurs, as depicted in Fig. 
2.4, e.g. due to electrostatic actuation or due to a shock acceleration, the atoms on the 
interface between both bodies are able to interact with each other, reducing the total 
amount of surface energy of the system: 
∗() =  − PRR(01 − )L1, (2.20) 
where ∗ is the total surface energy in case of contact, PRR the specific surface energy of 
the interface of both solid bodies, and  the detachment length defining the size of the 
interface area  between beam and substrate. PRR can be understood as the amount of 
energy per unit area reducing the total surface energy of the system in case of contact. 
In other words, it is the amount of energy per unit area which has to be spent in order to 
separate both bodies from each other. In the context of liquids, the specific surface en-
ergy is also called surface tension.  
In the current example, there are two opposing effects. On the one hand, the system 
tries to minimize its surface energy by increasing the interface area between both bod-
ies, leading to a reduction of the detachment length . On the other hand, however, de-
creasing the detachment length  will also increase the mechanical strain energy of the 
system given by [Mastrangelo97]: 
() = ℎmC1´L12´ , (2.21) 
where  is the Young’s modulus of the beam material. The system will reach its state of 
equilibrium when both trends balance each other. In this case, the total energy of the 
system  =  + ∗ becomes minimal. The arising detachment length  in case of 
equilibrium can be calculated by 
() + ∗() = 0. (2.22) 
Subsequently, solving (2.22) for  yields [Mastrangelo97] 
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 = µ3ℎmC1´2PRR¶ . (2.23) 
The example demonstrates that it is possible to describe the strength of adhesion effects 
by the specific surface energy PRR, whereby PRR can be determined by the arising de-
tachment length . Although the determination of PRR was subject of much research re-
lated to adhesion-induced failures in MEMS [Ardito12], [DeBoer99], [Bachmann06], 
its practical application in terms of criteria regarding adhesion-induced failures is very 
inconvenient and limited to special cases, as the following considerations will demon-
strate.  
In order to assess whether two bodies in contact stick permanently to each other, the 
change of mechanical strain energy, corresponding to a mechanical restoring force, has 
to be compared to the change of surface energy during the release process, correspond-
ing to an adhesion force. In case of areal contact situations in which the process of re-
lease can be described by the reduction of the interface area , as in the previous exam-
ple of a single-side clamped bending beam (Fig. 2.4), the failure criterion  
 >   (2.24) 
can be applied. The bodies will release from each other as long as the change of strain 
energy is larger than the change of surface energy. For the introduced contact situation, 
the dependency of  and  on the interface area  can be expressed by simple geo-
metrical considerations, leading to (2.20) and (2.21). 
However, areal contacts in MEMS devices are commonly avoided by placement of 
stopper elements or spacers that lead to spot-like contacts as illustrated in Fig. 2.5 a). In 
contact situations like this, the separation process is mainly governed by the increase of 
the gap between two contacting surfaces at a more or less constant contact area . In 
order to establish a failure criterion similar to (2.24), the change of surface energy has to 
be determined according to  
E· = (PRR)E· =  PRR(E·)E· . (2.25) 
Equation (2.25) indicates the difficulty involved in this approach, as the gap-dependent 
specific surface energy PRR(E·) must be known. 
One possible experiment that could be performed to determine PRR(E·) is depicted in 
Fig. 2.5 b). It shows a block of silicon in contact with a substrate. In order to determine PRR(E·) between both bodies, a controlled force #!! has to be applied to separate both 
bodies from each other. During the experiment, the force #!! is measured depending 
on the separation E· between both bodies. As atomic interactions between contacting 
solid materials are of extremely short range, there would be high requirements on the 
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accuracy of the measurement procedure. After the gap-dependent force #!!(E·) is 
determined for the separation process, it can be integrated and normalized to the contact 
area  leading to the required PRR(E·). 
 
  a) b) 
Fig. 2.5:   a) Utilized travel stop to avoid an areal contact; b) Experimental determination of the surface 
energy PRR(E·) by a controlled pulling force #!!(E·). 
Consequently, the determination PRR(E·) results in the measurement of adhesion forces (E·).  
Adhesion force 
The adhesion force  is a further physical quantity suitable to describe the strength of 
adhesion effects between two solid bodies in contact. It can be defined as the minimum 
tensile normal force, required to separate two bodies from each other.  
At MEMS devices, the characterization of adhesion effects by adhesion forces is par-
ticularly convenient in case of spot-like contacts, occurring due to the utilization of 
stopper or spacers. Acting tensile forces at contact spots can be compared to adhesion 
forces, which allows a simple estimation of whether permanent adhesion occurs or not. 
In this context, worst case estimations are commonly performed by comparing the min-
imum tensile force, provided by deformed structural components in terms of restoring 
forces, with the acting adhesion force. 
Adhesion pressure 
The definition of an adhesion pressure 9 = / is meaningful if the ratio between 
adhesion force  and contact area  is constant for a specific pairing of contact ma-
terials. In this case, 9 can be utilized during the design process of stoppers or spacers. 
Based on the known mechanical restoring force at a possible contact spot, 9 provides a 
convenient estimation of the dimensions of stoppers or spacers in terms of the maxi-
mum contact area.  
Fpull(uz)
Fa(uz)
z
x
Contact
Travel 
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2.2.2 Physical reasons for adhesion effects in MEMS devices  
This section gives an overview of the most common physical phenomena contributing 
to adhesion forces in MEMS. Among them are capillary forces, Van der Waals forces, 
remanent charges and hydrogen bridges [Rump01], [Maboudian97], [Tas96]. 
Capillary forces 
One possible cause of attracting forces between two micro-mechanical components in 
contact are capillary forces as a result of liquid menisci (e.g. water) as illustrated in Fig. 
2.6.  
       
Fig. 2.6:   Water menisci between surface asperities leading to attractive forces  "#. 
The reason for attracting forces between the bodies in Fig. 2.6 is given by the concave 
shape of the water menisci, which is governed by the specific surface energy PRS be-
tween the involved solid bodies and the surrounding gas phase, the surface tension PQS 
between the water and the gas phase, as well as the surface energy of the interface be-
tween water and solid surface PQR. An example of a droplet of water is illustrated in Fig. 
2.7. 
 
Fig. 2.7:   Droplet of water. 
As already indicated in section 2.2.1, the molecules on the surface of the droplet can 
only interact with inner molecules, leading to a resulting force on the surface molecules 
which is directed into the center of the droplet. Due to this force, a pressure 9" inside 
the droplet arises, which can be calculated according the Laplace equation 
9" = 9# + 2 ⋅ PQSA , (2.26) 
Fmeniscus Fmeniscus FmeniscusFmeniscus
pout
pin
A 2PQSA
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where PQS is the surface tension of the water and 9# the surrounding pressure. As the 
droplet is convex, the radius A is positive, leading to a larger pressure inside the drop-
let than outside. Compared to this, concave water menisci, as depicted in Fig. 2.6, have 
a negative radius of curvature, leading to a smaller pressure inside the menisci com-
pared to 9# and, hence, to attracting forces between both bodies in Fig. 2.6.  
The radius of curvature of arising water menisci and, hence, the strength of attracting 
forces, depend on the specific geometry of the contact spots as well as on the contact 
angle W between water and solid surface. The contact angle W can be determined accord-
ing the equation of Young3 by 
cos(W) = P»¼ − γ¾»PQS . (2.27) 
Fig. 2.8 a) shows the directions of acting surface energies or tensions, respectively. In 
case of a sphere with the radius A in contact with a plane body of the same material, as 
illustrated in Fig. 2.8 b), the arising attractive force due to the water meniscus between 
both bodies can be estimated according to [Butt09] by 
 "# = 4¿APQS 
8(W + O) + 
8 (W)2 .   (2.28) 
 a)   b) 
Fig. 2.8:   a) Droplet of water on a solid body; b) Attracting force  "# due to a concave water me-
niscus between a plane and a spherical body. 
The previous considerations of this section have demonstrated the ability of capillary 
effects, in terms of water menisci, to cause adhesive forces between two solid bodies in 
contact. But where is the water coming from.  
In general, there are two ways of how water can get on a MEMS surface or in be-
tween adjacent micromechanical components. A first source of wetness occurs during 
the fabrication process in terms of a wet etch release of surface micro-machined devic-
es. Resulting failures due to adhesion are called release stiction.  
A second source of wetness is the humidity of the gas surrounding a MEMS device. 
Due to a phenomenon called capillary condensation, water vapor can condense sponta-
                                                     
3  ThomasYoung: An Essay on the Cohesion of Fluids. Philosophical Transactions of the Royal 
Society of London, The Royal Society, London 1805, vol. 95, pp. 65-87 
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neously within small cavities or gaps, as illustrated in Fig. 2.9. The effect and its occur-
rence can be described by a critical radius @, called Kelvin radius. @ describes the cur-
vature of the water meniscus within a cavity when the evaporation and condensation 
rate of a liquid and its gas phase are in equilibrium. Due to capillary condensation, gaps 
or cavities are filled with water until the curvature of the condensed liquid reaches the 
equilibrium radius @ [Tas96]. Depending on the contact angle W and on the slope of the 
side walls of cavities or pores, a critical cavity or pore size 
 can be identified that will 
be filled with water. 
    
Fig. 2.9:   Cavity in a solid body filled up with water until the equilibrium radius of curvature @  of the 
meniscus is reached. 
When condensation and evaporation rates are in equilibrium, the vapor pressure 9; of 
the water within the cavity is given by 
9; = 9;∗ ⋅ qy∆ÀyÁ . (2.29) 
J is the molar volume of water, A the universal gas constant, D the temperature, 9;∗ 
the saturation vapor pressure, and ∆9 the pressure difference between the condensed 
phase of water and its surrounding gas phase. Assuming a spherical curvature, the pres-
sure difference ∆9 can be substituted by (2.26) with A = Â, which results in the Kel-
vin equation 
9; = 9;∗ ⋅ qmyÃÄÅÀyÁ$Æ . (2.30) 
Solving (2.30) for @ yields [Tas96] 
@ = 2JPQSAD ⋅ ln s9;9;∗x. (2.31) 
In case of water, the relative vapor pressure 9;/9;∗ can be substituted by the relative 
humidity AB [van Spengen02]:  
W
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@ = 2JPQSAD ⋅ ln(AB). (2.32) 
Van der Waals forces 
Attracting forces arising due to non-covalent interactions between neutral atoms or mol-
ecules are commonly summarized in terms of so-called Van der Waals forces [Tas96]. 
Interactions can arise between permanent dipoles, permanent dipoles and induced di-
poles of nonpolar molecules, as well as between exclusively nonpolar molecules. Due to 
dipole interactions, two permanent dipoles of the distance  exhibit a potential energy 
 = − 2\m\mm3(4¿T:)m-DÈ (2.33) 
where D is the temperature, - the Boltzmann constant, and \/m the dipole moments of 
both particles. The attracting force  between both particles can be calculated by deriv-
ing (2.33) for the distance . The inverse proportionality of the attracting force to the 
distance between both particles according to ~1/Ê points out the extremely short 
range of Van der Waals forces. However, compared to single particles, attracting forces 
between two solid bodies as illustrated in Fig. 2.10 arise due to superposition of atom 
interactions leading to a changed range of attracting forces. 
 
Fig. 2.10:   Van der Waals forces between two bodies. 
The arising adhesion force strongly depends on the specific geometry of the bodies in 
contact. In the current example of a sphere with the radius A and the distance  between 
the body and an infinitely extended wall (Fig. 2.10), the potential energy between both 
bodies can according to [Israelachvili92] be estimated by 
 = − A6 , (2.34) 
D
r
Force between 
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R
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where  is the so-called Hamaker constant. The resulting adhesion force between 
both bodies can be calculated by 
 = Ë()Ë = A6m . (2.35) 
Remanent charges 
Remanent charges in MEMS devices can emerge at electrically isolated parts or layers, 
e.g. due to electrostatic actuation or friction. Particularly common are charge accumula-
tions on the surface of insulating layers like on silicon oxide, silicon nitride or on anti 
stiction coatings [Sammoura09]. 
Residual charges on adjacent surfaces lead to electrostatic forces between both sur-
faces. If two charged surfaces come into contact and charges cannot compensate, the 
arising adhesion force can lead to a, usually temporary, adhesion failure. The adhesion 
force between two charged surfaces depends on the distribution of charges on the sur-
faces and arises from the superposition of all charge interactions. In case of two charges ? and ?m with the distance "! , the electrostatic force between them can be calcu-
lated by  
 = ? ⋅ ?m4¿T:"! m . (2.36) 
Hydrogen bonds 
Attracting forces between to contacting surfaces of silicon can also emerge due to hy-
drogen bonds. At room temperature, non-treated surfaces of silicon are usually hydro-
philic as they consist of a thin layer of native oxide enabling OH-groups to attach. If 
two surfaces covered with OH-groups come in contact, hydrogen bridges between them 
can arise, leading to small attracting forces of short range. This effect can be exploited 
as a pre-bond step for silicon fusion bonding [Gösele99], [Barth90]. 
2.2.3 Summary and conclusions 
Section 2.2.1 summarized three physical quantities of surface energy of interfaces, ad-
hesion forces and adhesion pressure, which could basically be applied to describe the 
strength of adhesion effects. However, as already stated above, applying surface energy 
is inconvenient and limited to special cases. Therefore, considerations within this thesis 
regarding the strength of adhesion effects refer to adhesion forces or adhesion pressure, 
respectively. 
In section 2.2.2, several physical phenomena have been introduced that can contrib-
ute the total adhesion strength at a contact spot. A variety of geometrical and environ-
mental parameters have hereby been identified that affect the occurrence and strength of 
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attracting forces and, hence, the failure behavior of MEMS devices. One parameter of 
particular importance turned out to be the effective distance  == between two bodies in 
contact, as it significantly affects the phenomena introduced above, all commonly of 
extremely short range. Small variations of  == can have a strong effect on arising ad-
hesion forces.  == is determined by the roughness and shape of contact surfaces as depicted in Fig. 
2.11 a). Apart from these geometrical parameters,  == can further be affected by condi-
tions occurring during the operation of MEMS devices. Among them is the contact 
force  that leads to the contact between micromechanical components, e.g. due to 
electrostatic actuation or shock accelerations. High compressive contact forces  can 
reduce  == due to elastic or plastic deformations of asperities as illustrated in Fig. 2.11 
b) and, therefore, increase arising adhesion forces.  
 
                     a) b) 
Fig. 2.11:   Dependence of the effective distance  ==  between two bodies in contact on the surface 
roughness and on the acting compressive contact force . 
Beyond , further operational parameters that can principally affect the adhesion be-
havior are the number of contact cycles 5!  and the contact duration C.  
Finally, the occurrence and strength of adhesion effects in MEMS devices depend on 
a variety of environmental, geometrical and operational parameters. While not compre-
hensive, the following list summarizes those parameters: 
– Temperature D; 
– Relative humidity AB; 
– Contact area (stopper size) ; 
– Surface energies and tensions of contact materials PQS , PRS , PQR; 
– Surface roughness and shape of contact surfaces; 
– Number of contact cycles 5! ; 
– Compressive contact forces ; and 
– Contact duration C. 
These so-called adhesion parameters should be taken into account when investigating 
the reliability of MEMS devices with respect to adhesion-induced failures.  
Fc
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3 State of the art 
This chapter summarizes the present state of the art on MEMS reliability, related to both 
failure mechanisms of breakage and adhesion. MEMS reliability is considered under the 
aspects of general reliability relevant investigations, MEMS reliability in shock envi-
ronments, and commonly adopted measures to increase the reliability of MEMS devic-
es. 
3.1 Investigations on MEMS reliability 
Fractures 
One common strategy for avoiding fracture-induced failures in MEMS is to determine 
the fracture strength of utilized materials by fracture tests at specimens. As the utilized 
materials are typically brittle by nature, a lot of scientists apply the Weibull theory in 
order to account for the variance of the determined strength parameters [Bagdahn03], 
[Ding01], and [Greek97]. The general aim is a probabilistic component design 
[Boroch06] as already summarized in section 2.1.2.  
Basically, three types of fracture tests in specimens can be distinguished: 
1) Application of standard tests procedures at macroscopic samples4 with macro-
scopic load systems. 
2) Tests at micro-samples but with macroscopic load systems. 
3) Specimens and load system integrated in a micro length scale test system. 
The utilization of macroscopic specimens and load systems would be preferable, as 
standard test procedures like e.g. 3- or 4-point bending tests could be applied. Further-
more, handling of the specimens as well as alignment between load system and samples 
are easy to manage. However, the first approach cannot be applied in general, as it is 
well known that the strength characteristics of materials utilized within MEMS fabrica-
tion strongly depend on the size of the specimens and on the fabrication process [Ka-
mat09].   
Hence, most fracture tests reported in the literature are performed at microscopic 
specimens in terms of tensile tests [Modlinski08], [Modlinski09], [Bagdahn03], 
[Ding01], [Greek97], [Tsuchiya98] or bending tests [Ding01b], [Jones00], [Boroch06], 
and [Namazu00]. Both test procedures require large forces or deflections that have to be 
generated by a load system in order to initialize fractures at micro-scale specimens. As 
the realization of the required load conditions by micro-scale actuators is difficult, most 
                                                     
4  Macroscopic means dimension in mm range or larger 
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scientists follow the second approach: applying external macroscopic load systems cou-
pled with microscopic specimens [Ding01], [Tsuchiya98]. As a consequence of the dif-
ferent length scales, problems of alignment between micro- and macro-scale, of connec-
tion between specimen and load system, and of different measurement ranges of forces 
and deflections arise and have been addressed by scientists in different ways. 
Tensile tests reported in the literature are performed at specially designed specimens 
that enable coupling between an external macroscopic pulling tool and the microscopic 
sample via glue, electrostatic forces or tight fit [Bagdahn03], [Tsuchiya98], and 
[Greek97]. External pulling forces are for example generated by piezo-electric or elec-
tro-magnetic macroscopic actuators [Greek97], [Ding01]. Due to the requirements on 
coupling, specimen preparation, as well as alignment between specimen and external 
load system, tensile tests are laborious and time-consuming. However, due to the uni-
form stress distributions in the samples during the tests, the statistical evaluation of the 
obtained fracture data––e.g. by applying the Weibull theory––is straightforward, as the 
loaded volume corresponds to the volume of the specimen. 
Bending tests, on the other hand, are easier to handle because compressive instead of 
tensile forces can be applied. In general, the requirements on the alignment between 
load system and specimen are not as strict as for tensile tests, which simplifies the test 
procedure. In case of bending tests, standard equipment like AFM, nanoindenters or 
micromanipulators can be utilized to generate the required actuation forces [Ding01b], 
[Jones00]. A disadvantage of bending tests is the higher effort involved by the statistical 
evaluation of the fracture data in terms of the Weibull theory. Due to the non-uniformly 
loaded specimens, analytical or numerical models are required to calculate the stress 
distribution within the specimens as well as the size of the stressed region in terms of 
volume or surface area.  
Adhesion 
To assess the reliability of MEMS devices with respect to adhesion-induced failures, the 
strength of acting adhesion effects need to be known. Scientific papers dealing with 
adhesion-induced failures therefore focus on determining the adhesion strength in terms 
of the acting surface energy PRR or of acting adhesion forces . In general, experimental 
investigations can be distinguished from theoretical ones. 
Theoretical investigations are based on analytical or numerical models of contacting 
surfaces intended to calculate surface interactions. The models try to emulate real con-
tacts between rough surfaces, whereby surface profiles in terms of height distributions 
of surface asperities are modeled either based on theoretical considerations or on meas-
urements, e.g. via AFM. Interactions between the contact surfaces are calculated by 
physical models of the considered effects, as e.g. in [Ardito12], [van Spengen02], 
[Komvopoulos 03], [Wu11]. However, verification of the proposed models by compari-
son of predicted and measured surface interactions in different fabrication technologies 
and contact situations is still pending. 
Experimental investigations of adhesion effects have been performed by scientists 
using to two different approaches. In a first approach, direct measurements of surface 
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forces by an atomic force microscope AFM have been performed, as e.g. in [Rump01], 
[Bhushan03], [Zaghloul11]. Alternatively, scientists tried to determine the strength of 
adhesion effects by micromechanical test devices mainly fabricated by surface microm-
achining processes. Adhesion effects have here either be investigated to substrate [Del-
rio05], [Bach06], [De Boer99] or to side walls [Timpe05], [van Spengen07]. Only in 
[Bhattacharya01] and [Ardito2012] have scientists addressed possible differences of the 
adhesion behavior between substrate and sidewalls resulting from deviating surface 
characteristics due to the different fabrication steps. 
Apart from different contact situations, some scientists also investigated adhesion ef-
fects depending on various adhesion parameters like coating [De Boer99], relative hu-
midity [Timpe05], [De Boer99], surface roughness [Delrio05], contact force [Alsem12], 
[Timpe05], [van Spengen07], ambient pressure [Alsem12], [Timpe05] or the duration of 
contacts [van Spengen07]. In general, strength parameters  PRR or  determined in ex-
perimental investigations have been evaluated in terms of average values or in terms of 
the minimum and maximum values based on only a small number of performed meas-
urements, as in [Timpe05].  
In short, there is no systematic approach available to characterize adhesion effects for 
an investigated fabrication technology conditional on all possible contact spots as well 
as on all relevant adhesion parameters. Currently, investigations are either limited to a 
certain test device, contact spot or test condition in terms of an adhesion parameter.  
3.2 MEMS reliability in shock environments 
Various scientific papers addressed the effects of mechanical shocks on the reliability of 
MEMS devices in terms of breakage and adhesion-induced failures. In general, two 
main approaches can be identified. One strategy is based on experimental investigations 
of shock-induced failures [Delak99], [Choa05], [Hartzell99], [Tanner00] and 
[Sheehy09]. Mechanical shocks are applied to micromechanical devices and arising 
failures are evaluated subsequently. Thereby, the system responses of the devices on the 
applied shock accelerations as well as arising load conditions are mostly unknown.  
A second main strategy consists in predicting shock-induced failures based on theo-
retical considerations. System models of the considered MEMS devices have thus been 
implemented; these are referred as impact models. The models have been utilized to 
calculate the shock responses of MEMS devices in order to identify critical load condi-
tions. 
Impact models can be classified as simple analytical models utilized in 
[Sundaram11], [Li00], [Millet02] and [Srikar02]; and as full finite element models (full 
FE models) in [Yang10], [Wagner01], [Ghisi09], [Mariani07], [Mariani08] and [Mari-
ani09].  
The advantage of analytical models is that they are computationally cheap in terms of 
implementation and calculation time. However, they are typically based on significant 
simplifications, which strongly limits their accuracy and applicability. Full finite ele-
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ment models, on the other hand, are able to capture the complexity of mechanical struc-
tures of MEMS devices and numerous degrees of freedom. They have been utilized to 
calculate the system responses of MEMS devices by transient analyses. A crucial draw-
back of full finite element models is that they are computationally very expensive as the 
system of governing equations is of high order. During a transient analysis, a large 
number of system equations have to be solved at each time step. Depending on the 
complexity of a mechanical structure and on the considered time frame, transient solu-
tions can take several hours. 
In order to overcome this drawback, some scientists proposed the application of re-
duced order models as in [Younis07] and [Hauck06]. Thereby, the order of a system in 
terms of the number of governing system equations has been reduced by a mathematical 
procedure––in general called order reduction procedure––to a small number of new 
system equations. The generated model of reduced order describes the system behavior 
without significant loss of accuracy based on a limited number of considered system 
degrees of freedom which have a substantial contribution to the total system response. 
Consequently, three main types of impact models can be distinguished, depending on 
whether they are founded on analytical equations, full finite element models or reduced 
order models. Common for almost all impact models in the literature are substantial 
simplifications of damping effects as well as of applied failure criteria.  
Damping effects are either completely neglected [Mariani08], [Srikar02] and 
[Yoon09], or strongly simplified by consideration of only a constant damping coeffi-
cient [Younis07], [Sundaram11]. Only [Hauck06] considered the effect of fluid interac-
tions on the shock response of a MEMS device by applying a squeeze film model.  
Further limitations of existing impact models arise from simplified failure criteria 
applied to recognize device failures due to adhesion or fracture based on calculated load 
conditions. In most of currently available impact models, MEMS components are as-
sumed to be freely moving without any displacement constraints due to travel stops or 
surrounding parts. As a consequence, criteria regarding fracture- and adhesion-induced 
failures are simply founded on arising maximum deflections of movable MEMS com-
ponents exposed to mechanical shock accelerations. 
Fracture-induced failures are determined depending on the calculated maximum de-
vice deflections and the involved mechanical stress e.g. in spring suspensions, as report-
ed in [Yang10], [Fang04], [Ghisi09], [Kurt08], [Mariani07], [Yoon06a]. Device failures 
due to adhesion are assumed as soon as the device deflection exceeds a critical value, 
e.g. the initial gap between a movable structure and a mechanical stop [Yang10], [Sri-
kar02] and [Sundaram11]. The contact itself, in terms of impact forces arising due to the 
deceleration of movable components, acting adhesion forces at contact spots and possi-
ble bouncing between mechanical stops, is not included within most of the introduced 
impact models. Only [Yoon06a] and [Yoon09] consider arising impact loads in case 
when a MEMS structure hits a travel stop. 
In summary, existing impact models are strongly limited regarding their applicability 
and accuracy for describing the shock response of MEMS devices. Furthermore, their 
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ability to detect shock-induced failures is very limited because of strongly simplified 
failure criteria. 
3.3 Measures to increase MEMS reliability 
In order to improve the reliability of MEMS devices with respect to shock-induced fail-
ures of breakage and adhesion several, mainly constructive, measures are commonly 
applied, summarized in this section. 
Fractures 
One approach to avoid fracture-induced failures from excessive deflections of microme-
chanical components due to acting shock accelerations consists in applying rigid travel 
stops as proposed by [Huang03], [Sumito96], and [Willner88]. The stops limit the max-
imum deflection of micromechanical structures and, hence, also the arising mechanical 
stress within deformed device components as for example in spring suspensions. How-
ever, the application of rigid travel stops can also trigger additional sources of failure. 
Due to the immediate deceleration of device components by the impact on rigid travel 
stops, high impact forces can arise, which in turn can cause fractures or debris.  
This problem can be mitigated with flexible travel stops, as proposed by [Yoon06a] 
and [Yoon09]. Flexible travel stops mitigate arising impact loads on the stops by in-
creasing the deceleration time and can consequently improve the reliability of MEMS 
devices.  
However, capabilities and limitations applying this approach to commonly complex 
real-life MEMS products have not been addressed by scientists yet, especially in the 
context of limited available design space on chips, restrictions of device deflections and 
different damping regimes. Due to a lack of suitable impact models that can account for 
the complexity of micromechanical devices, a proper choice of design parameters of 
flexible stops such as stiffness, contact gaps and mechanical strength is not yet possible. 
Adhesion 
Often, the effective contact area is reduced in an effort to increase the reliability of 
MEMS devices with respect adhesion-induced failures. For this purpose, spacers or 
stops are put in place so as to avoid areal contacts [Tas96], [Mastrangelo97] and 
[Komvopulus03]. A further reduction of real contact area can be achieved by increasing 
the roughness of possible contact surfaces by special surface treatments, as suggested in 
[Tas96], [Maboudian97], [Mastrangelo97], and [Komvopulus03].  
Other than through the mitigation of arising adhesion forces between adjacent device 
components, adhesion-induced failure can also be avoided by increasing the restoring 
forces, as proposed by [Miller98]. For this purpose, two options are available in terms 
of increasing the stiffness of micromechanical structures on the one hand, or of enabling 
larger deflections between adjacent device components by increasing the spacing be-
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tween them, on the other hand. However, both measures cannot be applied unrestricted-
ly as they often affect the functionality of MEMS devices. 
The reliability of MEMS devices with respect to adhesion-induced failures may also 
be increased by so-called “anti-stiction” coatings [Tas96], [Maboudian97], [Mastrange-
lo97] and [Komvopulus03]. The coatings reduce the surface energy of contact surfaces 
and, hence, arising adhesion forces.  
Although there exist several approaches to minimize adhesion-induced failures, ad-
hesion in MEMS devices is still a critical problem that has not yet been overcome. Most 
likely, this is due to the variety and complexity of physical phenomena contributing to 
adhesion effects in MEMS. The occurrence and strength of adhesion in MEMS devices 
depends strongly on a number of environmental, geometrical and operational parame-
ters which are hard to control (see section 2.2.3).  
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4 Characterization of failure mechanisms 
Characterization of both shock-induced failure mechanisms of breakage and adhesion 
for a specific fabrication technology is prerequisite for statements on the reliability of 
MEMS devices fabricated with this technology.  
The characterization process wants primarily to identify and quantify critical parame-
ters triggering both failure mechanisms. A methodic procedure is therefore required in 
order to investigate all relevant parameters that can affect the failure behavior of 
MEMS. The obtained results provide a comprehensive database that can be applied to 
predict the failure behavior of arbitrary MEMS devices fabricated with the technology 
under investigation. 
4.1 Breakage 
To make statements on the reliability of MEMS devices regarding breakage, it is neces-
sary to know the acting loads on the one hand, and the fracture strength of loaded parts 
or materials on the other hand. Arising loads during a shock for example can be deter-
mined by impact models introduced in chapter 5. This chapter (chapter 4) summarizes 
the investigations performed to determine the fracture strength of utilized materials or 
parts, respectively. Section 4.1.1 first summarizes general considerations regarding the 
choice of the test procedures and the utilized test devices. The following sections 4.1.2 
and 4.1.3 present a selection of the designed test devices and obtained results. 
4.1.1  General considerations 
As the materials utilized for the investigated surface micro-machining processes, like 
for example poly or single crystalline silicon, are brittle by nature, the applied fabrica-
tion processes can substantially affect their fracture strength, leading to process specific 
defect characteristics. In fact, results obtained from previous fracture investigations of 
the same materials but fabricated with different technologies should not be applied for 
reliability statements on MEMS devices under investigation. Consequently, the fracture 
strengths of the utilized materials have to be determined experimentally by fracture tests 
on specimens. In order to account for the expected variance of the fracture strengths, the 
experimental fracture data is evaluated statistically using the Weibull theory. The whole 
investigation seeks to enable the application of the probabilistic component design ap-
proach as introduced in section 2.1.2, based on the statistical strength parameters of the 
materials that were determined experimentally. 
One possible approach for performing fracture test would be to utilize abstract spec-
imens, e.g. small bars, made of the considered materials. However, this approach has 
two drawbacks. First, the preparation of the specimens is hard to realize, especially for 
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those material layers below the functional layer, such as the conductor, isolation and 
substrate layers, requiring a change of the fabrication procedure. Furthermore, as frac-
tures can also be initialized at the interface between two layers, additional samples 
would be required to test the strength of interfaces. 
The second main drawback of this approach relates to the fact that the validity of the 
Weibull theory is required, which means that Weibull parameters determined from the 
fracture data of the specimens are assumed to be material parameters independent of 
size and load case of specimens. If this assumption is not valid, the fracture data ob-
tained from abstract specimens can usually not be applied for reliability statements for 
real MEMS components as a consequence of the size effect typical for brittle materials 
(section 2.1.2). Due to the different sizes of mechanically stressed regions between ab-
stract specimens and real device components, their fracture behavior will also differ, 
which prohibits the application of the determined fracture strength of abstract specimens 
to predict the reliability of arbitrary components.  
In the context of this thesis, an alternative approach has been pursued that enables the 
utilization of the fracture data of specimens to predict the reliability of MEMS even if 
the investigations reveal that the Weibull theory is not valid. 
For this purpose, specimens have been chosen that are similar to typical design com-
ponents of MEMS devices. In the current case of surface micro-machined MEMS de-
vices of category II, consisting of movable structural components, typical design com-
ponents are anchors to substrate and elements within the functional layer in terms of 
spring suspensions or general structural elements like links or frames. Those elements 
have been identified to be especially susceptible to fracture-induced failures, as illus-
trated in Fig. 4.1, and are therefore investigated by fracture tests.  
 a)  b)   c) 
Fig. 4.1:   Fractures in MEMS; a) Anchor [Naumann10]; b) Spring suspension; c) Structural frame ele-
ment. 
Design goals for specimens 
The proposed approach requires designing different types of specimens similar to typi-
cal design components like anchors and beam elements. The specimens have to be var-
ied in size and applied load condition for two reasons.  
First, the variations are necessary to evaluate whether the Weibull theory is valid for 
the investigated materials or not. Furthermore, the variations are required to enable for 
reliability statements at arbitrary MEMS devices if the investigations reveal that the 
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Weibull theory is not valid. In this case, specimens have to cover a preferably wide de-
sign range of investigated MEMS components.  
Anchor-like specimens, for example, have to cover the range of anchor sizes, from 
the technologically smallest anchor up medium size that are, based on experience, espe-
cially susceptible to fractures. Based on the obtained fracture data of the anchor-like 
specimens, the reliability of anchors at real MEMS applications can be roughly estimat-
ed as long as their dimensions are within the investigated range of anchor sizes.  
On the other hand, if the investigations verify the validity of the Weibull theory, es-
timations of device reliability can be improved regarding applicability and accuracy. 
In summary, the proposed procedure results in a large number of specimens of dif-
ferent type, size and load condition, which need to be investigated by fracture tests. Due 
to commonly limited chip area available to place different specimens, a further design 
goal concern small overall dimensions of test devices, which also affects the choice of 
the load system and measurement procedure. 
Measurement procedure and load system 
To determine the fracture strength of a material, it is usually necessary to induce me-
chanical fractures in specific specimens of the material under investigation. The evalua-
tion of the fracture events versus the applied load enables statements on the fracture 
strength of the investigated specimens, and, if the Weibull theory is valid, also of the 
utilized materials. This procedure requires a load system to generate forces in the re-
quired order of magnitude as well as a measurement system to monitor the applied load 
during the fracture tests. With regard to the intended micro-scale specimens, an inte-
grated micro-scale load and measurement system would be favorable so as to avoid 
problems related to different length scales or to the coupling and alignment of externally 
generated forces within the specimen environment. However, as already mentioned in 
chapter 3.1, integration of the specimen and the load system within micro-scale is diffi-
cult, as inducing mechanical fractures usually requires large forces or deflections with 
regard to micro-scale. Both requirements are difficult to implement within conventional 
micro-scale actuators based on electrostatic-, electromagnetic-, thermal- or piezoelec-
tric-transducers. Moreover, micromechanical actuators would require a large portion of 
the available chip area and, therefore, reduce the number of possible modifications of 
specimens. Hence, the fracture tests are performed at micro-scale specimens but with a 
macro-scale load system. In the context of this thesis, considerations are limited to frac-
tures induced by in-plane forces acting parallel to the substrate wafer.  
For this purpose, a micro-manipulator––as part of the standard equipment of the uti-
lized manual wafer prober PM8––has been chosen to generate compressive actuation 
forces. The utilized prober needle with the tip radius A of about half the thickness of the 
functional layer slides along the substrate, which ensures a relatively reproducible con-
tact height with regard to the thickness of the functional layer (see Fig. 4.2 a)). The 
prober needle pushes against a guide element placed between specimen and prober nee-
dle, illustrated in Fig. 4.2 b). The guide element is used to diminish the effect of a pos-
sible misalignment between micromanipulator and specimen, as well as to set a well-
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defined force point along the specimens. If measurement of the applied force is re-
quired, a micromechanical force gauge element is applied additionally in the force path 
(see Fig. 4.2 c). The force gauge transforms the applied but unknown force from the 
micro-manipulator into a deformation. Due to the well-known geometry of the gauge 
element, actuation forces can be calculated from the deformation state, which is moni-
tored optically during the fracture tests. 
 
      a)     b)      c) 
Fig. 4.2:   a) Actuation by prober needle; b) Guide element; c) Force gauge element. 
Compared to complex macroscopic load systems as usually reported in the literature 
[Bagdahn03], the utilized test procedure features a simple and relatively precise cou-
pling as well as alignment of the externally generated forces into micro-scale. Hence, 
the total amount of time required to perform a fracture test is relatively small, which 
makes it possible to conduct a large number fracture tests required to account for the 
different types and sizes of specimens as well as for different load conditions.  
As the fabrication technologies are invested for the first time, the fracture strength of 
the different types of specimens is unknown. Consequently, the load and measurement 
system should preferably cover a wide range of actuation forces and displacements in 
order to be able to initialize and detect fractures at the specimens. As a matter of fact, 
the specimens are combined with different force gauges in order to extend the meas-
urement range resulting in a further increase of required device modifications, which 
underlines the importance of small overall dimension of test devices. 
Specimen, load and measurement system together are referred to as test structure. 
The following sections present a selection of the designed test structures as well as the 
obtained results. 
4.1.2  Fracture strength of anchors 
One typical failure mode at surface-micro-machined MEMS devices are fractures of 
anchors to substrate, illustrated in Fig. 4.1 a), as a result of overload situations like for 
example acting mechanical shock accelerations. Arising loads at anchors can be classi-
fied into characteristic load conditions as illustrated in Fig. 4.3 arising from typical ap-
plications of anchors. The most common application of anchors is the realization of the 
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connection between movable structural components within the functional layer and the 
substrate via spring elements as indicated in Fig. 4.3. Loads acting at movable structural 
components have to be borne by anchors. Thereby, the main force components t,  or · can be distinguished. A second main application of anchors is their utilization in 
terms of mountings of electrodes or travel stops to substrate. In this case, anchors are 
not connected to movable components via flexible elements. Critical forces only arise if 
movable components come into contact with an anchor during an overload situation. 
Here, a force component t typically arises.  
The simplified classification into characteristic load cases enables the design of a 
limited number of test devices. However, real load situations at anchors during an over-
load situation can be complex, leading to additional load conditions as well as to a su-
perposition of different load situations. As the consideration of the enormous number of 
possible combinations of load cases by individual test devices is not practicable, the 
results obtained by the proposed specimens are limited regarding the applicability and 
accuracy. However, this drawback does not come into effect if the investigations reveal 
the validity of the Weibull theory. In this case, the reliability of loaded anchor elements 
can be predicted even for complex load conditions. On the other hand, if it turns out that 
the statistical theory of material fracture is not valid for the investigated anchor ele-
ments, at least rough estimations on the reliability of anchors are possible based on the 
knowledge of the fracture behavior at characteristic load conditions.  
Other than the choice of investigated load cases, the specimens themselves also need 
to be chosen. Especially susceptible to fracture are anchors of small up to medium size. 
In order to reduce the number of design modifications and, therefore, to account for the 
limited available chip area, only quadratic anchor designs have been considered. Anchor 
sizes have been varied from the smallest possible size of 4x4 µm2 up to 20x20 µm2. In 
between these borders, two values of 6x6 µm2 and 10x10 µm2 have been chosen. For 
simplicity, the introduced test anchors are labeled 4x4, 6x6, 10x10 and 20x20. 
 
Fig. 4.3:   Typical load cases at anchors [Naumann11]. 
In the context of this thesis, considerations have been limited to load case t. The ob-
tained results are summarized in the following section. 
Characterization of load condition t 
Fig. 4.4 a) shows the designed test device consisting of a specimen––in this case a test 
anchor –, a force gauge and a guided element. The test device has been applied investi-
Characterization of failure mechanisms 51 
 
gating the fracture strength of anchors at two different surface micro-machining fabrica-
tion technologies TA and TB. Fig. 4.4 b) shows typical fracture surfaces for both tech-
nologies that have been observed after the tests.        
 
  a)  b) 
Fig. 4.4:   a) Test structure to characterize the fracture strength of anchors for load case t; b) Typical 
fracture surfaces. 
As the fabrication processes have been characterized for the first time, the range of ex-
pected fracture strengths of anchors is unknown. Therefore, three different types of 
force gauges A, B and C, with differing stiffness, have been designed in order to cover a 
wide range of applicable actuation loads. Table 1 summarizes their properties, whereby Et is the maximum permitted deflection of the force gauges resulting in the maxi-
mum measurable actuation force t. E" corresponds to the smallest deformation of 
forces gauges detectable by optical inspection, resulting into a force resolution " and 
the corresponding minimum detectable stress ". 
Table 1: Design parameters and properties of force gauge elements 
Gauge 
type 
Ì 
[N/m] 
F±ÍÎ 
[µm] 
%±ÍÎ 
[mN] 
F±ÏÐ 
[nm] 
%±ÏÐ 
[µN] 
±ÏÐ 
[MPa] 
A 199 12 2.4 100 19.9 16.1 (4x4) 
B 1748 12 20.1 100 174.8 103.1 (6x6) 
C 6073 12 72.9 100 607.3 40.81 (20x20) 
 
The measured fracture forces of anchors of different sizes are illustrated in Fig. 4.5 for 
both fabrication technologies TA and TB. The fracture date has been evaluated in terms 
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of minimum, maximum and average values based on a set of about 60 samples for each 
anchor size. 
Evaluating the fracture strength of anchors in terms of fracture forces instead of frac-
ture stress permits a direct application of the obtained data within the impact models 
introduced in chapter 5. Thus, acting anchor loads in terms of calculated forces can be 
directly compared to the fracture strength of anchors, which allows statements on their 
reliability. 
 
Fig. 4.5:   Fracture strength of anchors for load case t for two fabrication technologies TA and TB. 
However, in order to enable the statistical evaluation of the fracture data using the 
Weibull theory, the acting fracture stresses of the specimens have to be determined 
based on the observed fracture forces. Therefore, finite-element models of anchors and 
force gauges have been implemented in order to calculate the maximum fracture stress t within the anchors from the determined maximum actuation forces . Fig. 4.6 
shows an implemented model as well as a section through an anchor with regular mesh. 
The introduced roundings of the edges within the model correspond to their expected 
values at real anchors arising due to the fabrication process.  
 
    a) b) 
Fig. 4.6:   a) Finite element model of the anchor test structure; b) Section through a finite-element anchor 
model with round corners and regular mesh. 
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The statistical evaluation of the fracture data is demonstrated exemplarily for the results 
of fabrication technology TB. According to the considerations in section 2.1.2, Fig. 4.7 
illustrates the determined probabilities of failure for different anchor sizes depending on 
the calculated maximum tensile stress within the anchors. Furthermore, the diagrams in 
Fig. 4.7 permit a comparison between the observed fracture behaviors of anchors and 
the calculated ones based on the determined Weibull distribution functions. The corre-
sponding Weibull parameters are summarized in Table 2.  
Fig. 4.7:   Fracture strength of anchors fabricated in TB for load case t. 
According to the Weibull theory, the parameters 3 and . in Table 2 are assumed to be 
material parameters. Consequently, they should be equal and, therefore, independent of 
the anchor size. However, for small anchors of type 4x4, but also of type 6x6, both val-
ues differ noticeably compared to larger ones. Furthermore, the fracture behavior of 
anchors of type 4x4 deviates significantly from the Weibull distribution function, which 
has, in this case, been approximated by a two parameter distribution compared to the 
three-parameter distributions for larger anchors.  
It can thus be concluded that the Weibull theory is not valid for anchors in general 
without restrictions. However, for larger anchors from 36 µm2 or 100 µm2 up to 
400 µm2, the investigation revealed comparable Weibull parameters as well as a compa-
rable fracture behavior, making the validity of the Weibull theory within this range like-
ly. However, further investigations would be necessary in order verify this assumption. 
 
  
0,01
0,10
0,50
0,99
500 1000 1500 2000 3000 5000
P
ro
b
a
b
ili
ty
 o
f 
fa
ilu
re
Maximum tensile stress in MPa
4x4
Measured
Weibull Fit
0,01
0,10
0,50
0,99
1900 2500 3100 3700 4300 4900
P
ro
b
a
b
ili
ty
 o
f 
fa
ilu
re
 
Maximum tensile stress in MPa
6x6
Measured
Weibull Fit
0,01
0,10
0,50
0,99
2000 2500 3000 3500 4000
P
ro
b
a
b
ili
ty
 o
f 
fa
ilu
re
Maximum tensile stress in MPa
10x10
Measured
Weibull Fit
0,01
0,10
0,50
0,99
2400 2600 2800 3000 3200
P
ro
b
a
b
ili
ty
 o
f 
fa
ilu
re
Maximum tensile stress in MPa
20x20
Measured
Weibull Fit
Characterization of failure mechanisms 54 
 
Table 2: Statistical strength parameters of anchors exposed to t  
 4x4 6x6 10x10 20x20 
± 3.21 1.86 3.65 3.67 
ÑÒ (MPa) 3378.3 2934.5 3133.8 2939.7 
ÑÓÔ (MPa) 54.6 1925.6 1878.9 2317.3 
 
Independent of whether the Weibull theory is valid or not, the obtained results provide a 
valuable basis for estimations of the reliability of loaded anchors. In addition to the 
evaluation of maximum applicable anchor forces, illustrated in Fig. 4.5, the diagram 
illustrated in Fig. 4.8 enables estimations of the fracture stress of anchors of different 
sizes in terms of minimum, maximum and average values. The dependency of the vari-
ance of the fracture strength on the anchor size becomes obvious, while the mean value 
is relatively constant at about 3000 MPa. 
 
Fig. 4.8:   Fracture strength of anchors fabricated in TB for load case t evaluated in terms of minimum, 
maximum and average values. 
4.1.3  Fracture strength of the functional layer 
The second major failure mechanism at surface-micro-machined MEMS devices are 
fractures with the functional layer, where breakage mainly occurs at spring suspensions 
or at rigid link elements as illustrated in Fig. 4.1 b) and c). Larger blocks within the 
functional layer usually representing the seismic mass of MEMS systems rarely suffer 
from breakage. Hence, the fracture strength of the functional layer has been character-
ized by beam-like specimens. Two load cases at single and double-side clamped beams 
have been investigated.  
Characterization of single-side clamped beams 
Fig. 4.9 a) shows the designed test device consisting of a guide element as well as of a 
single-side clamped test beam suspended at a huge anchor block. The utilized guide 
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element ensures a well-defined force point as well as mitigates a possible misalignment 
between prober needle and bending beam. The fracture strength of the functional layer 
has been investigated by different wide bending beams of 2 µm, 3 µm, 4 µm and 6 µm 
width equipped with different beam joints in terms of corner types C1, C2, C3 and C4, 
illustrated in Fig. 4.9 b).  
Fracture tests have been performed deflecting the test beams by an actuation force 
until breakage occurred. From the observed maximum tip deflections (see Fig. 4.9 c)), 
the acting mechanical stresses within the beams have been calculated by finite element 
models of the test devices. 
  a) b) c) 
Fig. 4.9:   a) Test device for breakage characterization of beam elements within the functional layer; b) 
Applied corner types C1 to C4; c) Measurement procedure. 
Fig. 4.10 shows a section of the regular meshed beam joint and the calculated stress 
distribution for an applied beam deflection. The regular mesh is required to achieve 
convergence of the calculated stress distributions. 
 
Fig. 4.10:   Finite element model of a single-side clamped test beam with regular mesh.  
In a first investigation, the fracture strength of the beam elements has been determined 
depending on their width for the applied standard corner type C1.  
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To describe the observed fracture behavior, the Weibull distribution function was 
applied, in line with the considerations in section 2.1.2. The results from the statistical 
evaluation are shown in Fig. 4.11. In total, about 60 samples of each type of specimen 
have been investigated regarding their fracture strength. Table 3 summarizes the ob-
tained Weibull parameters.  
Fig. 4.11:   Fracture strength of single-side clamped beams equipped with C1 for different beam widths.  
Table 3: Determined Weibull parameters for different beam widths L1 
wb 2 µm 3 µm 4 µm 6 µm 
± 12.1 8.7 2.8 2.4 
ÑÒ (MPa) 4324.8 4849 4143.1 4339.1 
ÑÓÔ (MPa) 0 935.6 2759.2 3106.3 
 
A comparison of the fracture behavior of test beams has shown differences depending 
on the beam width. The fracture behavior of the thinnest beam of 2 µm width corre-
sponds to the two-parameter Weibull distribution, whereas the fracture behavior of 
thicker beams of 4 µm and 6 µm width can be described clearly by the three-parameter 
Weibull distribution. As the determined Weibull parameters 3 and . in Table 3 differ 
significantly between test beams of different width, the Weibull theory is not valid for 
the functional layer in general. However, for wider beams of 4 µm and 6 µm, the 
Weibull parameters 3 and . are comparable to each other, indicating the validity of 
the Weibull theory within this limited design region. However, at this point, further in-
vestigations at additional specimens would be required in order to verify this assump-
tion. 
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Independent of the validity of the Weibull theory, the obtained results can be utilized 
to estimate the reliability of flexible beam elements exposed to in-plane deformations. 
Fig. 4.12 illustrates the evaluation of the fracture data in terms of maximum, minimum 
and average values of fracture stress. In general, the minimum observed fracture 
strength 〈"〉 of about 3000 ¢< is of particular interest for MEMS designers as it 
can be applied as a rough reference point during the design process. However, the appli-
cation of 〈"〉 within a simplified deterministic fracture criteria like  < 〈"〉 
should be done with special care, as 〈"〉 can strongly depend on the number of inves-
tigated specimens.  
In order to assess whether the observed 〈"〉 is reliable or not, the results of the sta-
tistical evaluation of the fracture data by the Weibull distribution function can be used. 
Here, the parameter . is of particular interest as for loads  smaller than ., the 
probability of failure is assumed to be zero. In case of 2 µm and 3 µm wide beams, . 
is zero or significantly smaller than 〈"〉. Consequently, the fracture behavior of both 
beam types indicates a certain chance of fractures to occur at stress levels significantly 
below 〈"〉. Compared to this, the fracture behavior of 4 µm and 6 µm wide beams 
corresponds to a three-parameter Weibull distribution with . in the same order of 
magnitude than 〈"〉. In fact, the application of a deterministic failure criterion is 
more reliable for wide beams than for thinner ones.   
 
Fig. 4.12:   Fracture strength of single-side clamped beams equipped with C1 for different beam widths 
evaluated in terms of minimum, maximum and average values. 
A further investigation has been carried out in order to determine the effect of different 
corner types on the fracture behavior of test beams. The investigations have been lim-
ited to a beam width of 2 µm. Table 4 summarizes the determined Weibull parameters 
which have been obtained from a data set of 18 samples per specimen type. 
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Table 4: Determined Weibull parameters for different corner types 
 C1 C2 C3 C4 
± 12 10.7 1.5 1.3 
ÑÒ (MPa) 4280.7 4242.6 3750.4 3665.3 
ÑÓÔ (MPa) 0 0 3112.9 3045.2 
 
For bending beams with corner types C1 and C2, the fracture behaviors correspond to a 
two-parameter Weibull distribution; the statistical strength parameters are comparable. 
Applying corner types C3 and C4 lead to a fracture behavior of bending beams that can 
be represented by the three-parameter Weibull distribution. A possible reason for the 
deviations may be the different stress distributions along the corner types. Fig. 4.13 il-
lustrates the calculated line profiles of the principle stresses s1 for the different corner 
types.  
 
Fig. 4.13:   Stress along the x-position of beam corners of different types (ref. Fig. 4.10). 
At corner types C1 and C2, significant stress concentrations can be observed. They are 
mitigated by the corner types C3 and C4. As already summarized in section 2.1.2, stress 
concentration are one possible reason which can affect the principle fracture behavior of 
brittle materials and, therefore, the validity of the Weibull theory.  
A comparison of the statistical strength parameters obtained by the two fracture in-
vestigations at beam elements of different widths or different corner types yields two 
conclusions. First of all, both independently performed investigations contain one iden-
tical specimen of a 2 µm wide bending beam equipped with corner type C1. The ob-
tained strength parameters listed in the first columns of Table 3 and Table 4 differ only 
slightly between both investigations, which underlines the reproducibility of the 
achieved results.  
Second, the fracture behavior of 2 µm wide bending beams equipped with corner 
type C3 and C4 (Table 4) has been found to correspond to the behavior of 4 µm and 
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6 µm wide beams with corner type C1 (Table 3) with only slightly deviating strength 
parameters 3 and .. Consequently, the results indicate the possibility to adapt the 
fracture behavior of differently wide bending beams by a suitable choice of beam joints. 
However, further investigations at additional specimens would be required to validate 
this effect.  
In summary, the investigation of different corner types show that applying C3 and 
C4 is advantageous as the fracture behavior of bending beams equipped with both cor-
ner types corresponds to the three-parameter Weibull distribution and thus enables the 
identification of .. Compared to this, the fracture behavior of beams equipped with 
C1 or C2 can be described by a two-parameter Weibull distribution. In this case, frac-
ture incidences can never be excluded even for small loads.  
Further advantages of corner types C3 and C4 include slightly increased maximum 
beam deflections (Fig. 4.14 a)) as well as applicable loads (Fig. 4.14 b)) evaluated in 
terms of minimum, maximum and average values. The best results have been achieved 
by C4. A detailed discussion on how corner types affect the reliability of beam elements 
is provided in section 6.1. 
 a)    b) 
Fig. 4.14:   Results single-side clamped beams for different corner types: a) Maximum beam deflections; 
b) Maximum applicable loads. 
Bending of double-side clamped beams 
Fig. 4.15 a) shows the designed test device consisting of two double-side clamped test 
beams, a force gauge and a guide element. Compared to the single-side clamped beam 
design, introduced in the previous section, the bending load is applied symmetrically to 
specimens. Due to the small maximum deflections of the test beams expected to occur 
before breakage, a force gauge element has been utilized. Based on the actuation load 
determined from the force gauge deflection, the maximum stress within the test beams 
is calculated by a full finite element model that accounts for the nonlinear mechanical 
behavior of the test beams due to the stress-stiffening effect.  
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  a) b) 
Fig. 4.15:   a) Test device for breakage characterization of double-side clamped beams within the func-
tional layer; b) Measurement procedure. 
The introduced test device has been utilized to investigate the fracture behavior of 2 µm 
wide test beams equipped with different corner types C1 to C4. The corner types have 
already been introduced in the previous section (see Fig. 4.9 b)). For each corner type, 
the fracture strength of the bending beams has been measured at 40 samples. The statis-
tical evaluation of the fracture data has shown the ability to describe the observed frac-
ture behavior by the Weibull distribution function. Table 5 summarizes the determined 
statistical strength parameters.  
Table 5: Weibull parameters of 2 µm wide double-side clamped beams 
 C1 C2 C3 C4 
± 11.9 9.1 3.2 4 
ÑÒ (MPa) 4294.2 4388.4 3865,1 3680.5 
ÑÓÔ (MPa) 0 0 2935,8 2661 
 
The values are comparable to those obtained using the single-side clamped beam devic-
es. Small deviations may occur due to the changed load case or due to the small number 
of samples for single-side clamped beams. However, the general trend is the same. Cor-
ner types C1 and C2 lead to a fracture behavior of bending beams, which corresponds to 
the two-parameter Weibull distribution, whereas C3 and C4 lead to a three-parameter 
Weibull distribution. Hence, the results of double-side clamped beams correspond to the 
conclusions from the previous chapter of single-side clamped beams regarding the ef-
fects of corner types. Optimized corners at beam joints reduce arising stress concentra-
tions and, therefore, affect the fracture behavior in a positive way. This also becomes 
obvious when considering the maximum beam deflections as well as applicable loads 
depicted in Fig. 4.16.  
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 a)    b) 
Fig. 4.16:   Results double-side clamped beams for different corner types: a) Maximum beam deflections; 
b) Maximum applicable loads. 
4.1.4 Summary: breakage investigations 
Investigation of the fracture behavior of different device components has shown that the 
Weibull theory cannot be applied unrestrictedly as it turned out that the determined pa-
rameters of the Weibull distribution function are not material parameters. The parame-
ters depend on the size of the investigated specimens as well as on the load conditions. 
Possible reasons for the deviation of the observed fracture behavior from the Weibull 
theory are summarized in section 2.1.2. In general, it has been found that the fracture 
behavior of comparable small specimens––related to anchor size and beam width––can 
be described by the two-parameter Weibull distribution, whereas larger specimens ex-
hibit a fracture behavior that can be described by the three-parameter Weibull distribu-
tion. 
However, for some regions of the investigated design spaces of anchors and spring 
elements it turned out that the Weibull theory might be valid locally as the determined 
Weibull parameters for those regions are consistent. Furthermore, at the functional lay-
er, it has been demonstrated that an optimization of arising stress distributions by a suit-
able choice of beam joints can affect the fracture behavior of thin beams to become 
comparable to thicker ones. The results indicate the possibility to adapt the fracture be-
havior of the functional layer to correspond to the statistical theory of brittle material 
fracture. However, in order to verify this assumptions, further specimens would be re-
quired to investigate additional combinations of corner types and bending beams. 
4.2 Adhesion 
Statements on the reliability of MEMS devices regarding adhesion-induced failures re-
quire knowledge of the strength of adhesion effects on the one hand; and of the magni-
tude of tensile forces, as for example the restoring forces of spring suspensions, trying 
to separate two bodies in contact on the other hand. Determining tensile forces can be 
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performed by applying impact models, introduced in chapter 5, or by simple worst case 
estimations on acting restoring forces based on analytical or finite-element calculations. 
This chapter is dedicated to the determination of the strength of adhesion effects. First, 
section 4.2.1 summarizes possible measurement approaches and outlines the choice of 
the utilized test procedures. In section 4.2.2, the characterization of adhesion effects to 
substrate and side walls is presented for fabrication technology TA, with a focus on the 
utilized test devices as well as a selection of the achieved results. In the context of this 
thesis, the selection of obtained results is limited to those adhesion parameters which 
turned out to have a significant effect on the adhesion behavior at the investigated tech-
nology. 
4.2.1 General considerations on adhesion investigations 
Investigation of characteristic contact surfaces 
For statements on the reliability of MEMS devices regarding adhesion-induced failures, 
their adhesion behavior has to be characterized at all possible spots of contact. In case of 
surface micro-machined devices, two contact positions can be identified to the side 
walls of the functional layer and to the substrate. Both contact spots have been charac-
terized regarding their surface topology and roughness in order to gather further infor-
mation helping to understand the observed adhesion behavior of the test devices pre-
sented in the following sections 4.2.2 and 4.2.3. Fig. 4.17 exemplarily shows the surface 
profiles for both contact spots in terms of a 3 µm x 3 µm spacer to substrate and of a 
side wall of the functional layer.  
 
  a)   b) 
Fig. 4.17:   Characteristic contact surfaces: a) Spacer at the bottom-side of the functional layer; b) Side 
wall of the functional layer. 
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From the pictures it becomes obvious that arising contacts between two micromechani-
cal components are spot-like and not of areal by nature. In fact, the size of real contact 
areas $ ! is much smaller than the apparent geometrical contact area  given, for 
example, by the size of spacers or stops.  
The observed surface characteristics affect the magnitude of arising adhesion forces 
in general as well as their dependency on the size of designed spacers or stops. Thereby, 
the typical surface profiles of contact surfaces in terms of the curvature of side walls as 
well as the bowl shape of spacers to substrate are of particular importance. 
In case of a contact of uniformly rough surfaces as depicted in Fig. 4.18 a) the arising 
adhesion force  between both surfaces is assumed to approximately scale with the 
apparent contact area . In contact situations like this, the definition of an adhesion 
pressure would be useful.  
Fig. 4.18 b) shows a contact situation as it has been observed with the currently in-
vestigated fabrication technologies. Due to the distinctive waviness of contact surfaces, 
adhesion forces do not scale with the geometrical size of spacers or stops, which has 
also been observed during the experimental tests summarized in sections 4.2.2 and 
4.2.3, making the definition of adhesion pressures redundant. Consequently, the strength 
of adhesion effects is described by adhesion forces in the following sections. 
a)
    
b)
Fig. 4.18:   Characteristic contact situations: a) Adhesion forces scale with the geometrical contact area; 
b) Adhesion forces do not scale due to the surface waviness. 
Determination of adhesion forces 
In general, there are three major approaches to determine adhesion forces in MEMS 
devices, as already summarized in section 3.1. A first approach consists in determining 
the adhesion force of a specific surface directly, for example by utilization of an atomic 
force microscope as applied in [Rump01] and [Bhushan03]. This procedure has the ad-
vantage that it enables to directly obtain statements on the adhesion strength of a 
MEMS surface. However, this procedure has only a limited applicability as adhesion 
forces are determined at a spot-like region of interaction between a MEMS surface and 
the probe tip of the AFM. Consequently, they do not represent real contact situations in 
MEMS devices where two rough surfaces come into contact and the stochastic encoun-
tering of asperities of both surfaces determines the effective distance between both as 
A2 = 4·A1
Fa2 ≈ 4·Fa1
A1 A2
A1 A2
A2 = 4·A1
Fa2 << 4·Fa1
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well as the number of arising contact spots or the arising effective contact area, respec-
tively. Several physical phenomena such as capillary condensation may do not occur at 
the spot-like region of interaction between probe tip and MEMS surface. Furthermore, a 
convenient measurement of adhesion forces is only possible on the top side of the upper 
layer at decapped chips or wafers. Measurements on side walls or on the substrate often 
require a special preparation of specimens.  
A further option for determining adhesion forces between two surfaces in contact is 
based on applying theoretical calculation models as proposed in [Ardito12] and [van 
Spengen02]. The models account for the stochastic contact of rough surfaces affecting 
the effective distance and real contact area. The surface roughness can either be deter-
mined by measurements at representative contact surfaces, or it can be created artificial-
ly assuming a specific distribution of surface asperities. Based on a particular geomet-
rical configuration of contacting surfaces, adhesion forces can be calculated by models 
of the considered physical effects as described in section 2.2.2. However, the accuracy 
and applicability of this theoretical founded approach is expected to be very limited due 
to a variety of unknown parameters and substantial models simplifications. Those are 
required to manage the complexity of the involved physical phenomena as well as the 
complexity of mechanical contacts arising from possible elastic or plastic deformations 
of surfaces asperities, the variety of possible contact situations and possible pairings of 
surface configurations. 
A third approach for determining adhesion forces, which has been applied in the con-
text of this thesis, is based on the utilization of micro-mechanical test devices. The test 
devices reproduce real contact situations in terms of contact geometries of stops or 
spacers, load cases and contact forces similar to those occurring at real MEMS products, 
fabricated within the same technology. As final MEMS products in terms of actuators or 
sensors fabricated within the investigated technology are based on the electrostatic prin-
ciple of operation, the test devices are also driven electrostatically in order to bring them 
into contact with adjacent surfaces. After contact is induced, for example between a test 
device and an adjacent travel stop, there are several measurement procedures which can 
be applied in order to detect the adhesion behavior of the device as well as the strength 
of adhesion effects.  
First, measurement procedures differ in how they detect sticking incidences. The 
simplest approach is based on optical inspection of the adhesion behavior of test devices 
at uncapped chips or wafers, as performed in [Timpe05] and as applied in the context of 
this thesis. Beside this, sticking incidences can also be monitored by a contact current 
between movable and fixed device components as reported in [Bhattacharya01] or by 
tracking of the devices capacitance [Ardito12]. 
A further distinction of measurement procedures can be made with regard to the de-
termination of adhesion forces. Assuming a MEMS device as schematically depicted in 
Fig. 4.19 a). The device consists of a movable frame connected with an outer fixed 
frame via a spring element. Both components are electrically grounded. In the middle of 
the movable frame, there are two fixed electrodes that can be utilized to actuate the de-
vice electrostatically. For the purpose of adhesion investigations, the device can be 
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brought into contact with a spacer applying a voltage G to the upper electrode, which 
leads to an electrostatic force  !(G). In case of contact, two additional forces can be 
defined: the adhesion force  and the restoring force $  provided by the spring sus-
pension of the device. $  tries to restore the initial device position and acts, compared 
to  !(G) and , in the opposite direction (see Fig. 4.19 b)).  
 
      a)   b) 
Fig. 4.19:   Determination of adhesion forces by electrostatic actuation: a) MEMS in initial position; b) 
MEMS in contact with the spacer.  
After the contact to the spacer has been initiated, a first statement on the strength of 
adhesion forces  can be obtained through an evaluation of the adhesion behavior of 
the test device in case of a completely deactivated actuation with  ! = 0. If the device 
remains in contact with the stop, the acting adhesion force exceeds the restoring force $  of the device. Consequently, this procedure allows a first rough estimation of the 
magnitude of adhesion forces on a contact spot on whether they are smaller or larger 
than a reference force $ . The informative value provided by the described procedure 
can be increased through test devices with graded stiffness values. The simplest exam-
ple is an array of different long beam elements as illustrated in Fig. 4.20 a). After actua-
tion, the evaluation of permanently sticking beams of different restoring forces enables 
to roughly estimate the distribution of the adhesion strength, as well as to identify a 
maximum acting adhesion force required for worst case estimations on device reliabil-
ity.  
Although this procedure only has a limited resolution, it is still very useful as it per-
mits fast and simple estimation of adhesion effects without the need of further pro-
cessing of the measurement data. Furthermore, the approach can be applied to evaluate 
sticking effects at non-powered test devices for example exposed to support excitations 
like vibrations or mechanical shocks.   
A second approach enables a precise measurement of acting adhesion forces . To 
this end, the actuation voltage G has to be slowly decreased after contact so as to detect 
the moment when the device releases from the spacer as well as the corresponding re-
lease voltage G$ !. Based on G$ !, the acting adhesion force can be calculated according 
to 
 = $  −  !(G$ !). (4.1) 
Fa
Frest
Fel(U)
Spring suspension
Movable structure
Fixed frame
Fixed electrodes
Spacer
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Consequently, determining  requires measurement of the release voltage G$ !. The 
described procedure works as long as  < $ . In the context of this thesis, G$ ! has 
been determined by optical inspection. Therefore, the motion of a MEMS test device as 
well as the applied actuation voltage was monitored by the Polytec micro motion ana-
lyzer (MSA500). Out-of-plane motions of MEMS devices have been detected by the 
comprised Laser-Vibrometer and in-plane motions by stroboscopic video microscopy.  
The following example demonstrates the applied measurement procedure at two 
equally long bending beams as part of a beam array, illustrated in Fig. 4.20 a). The 
beams have been brought into contact with stopper elements near the beam tips by elec-
trostatic actuation. Fig. 4.20 b) shows the optically measured in-plane deflections of 
both beams as well as the applied sinusoidal actuation voltage. While the actuation volt-
age increases, both beams show a pull-in, due to the parallel plate arrangement of the 
electrodes, leading to the contact between beams and travel stops. After the maximum 
voltage is reached, its decrease corresponds to a decrease of the actuation force  !. The 
first beam element B releases from the travel stop at a release voltage of G$ ! = 15J, 
while the second beam element A releases at a lower actuation voltage of G$ ! = 11.5J. 
According to (4.1), the lower release voltage of beam A corresponds to a slightly higher 
adhesion force of 100 nN compared to 43 nN for beam B.  
 
  a) b) 
Fig. 4.20:   a) Array of different long bending beams; b) Measured in-plane deflection of two equally long 
bending beams as a function of the applied actuation voltage [Kolchuzhin11]. 
Design of test devices 
The general purpose of test devices is to determine acting adhesion forces for a specific 
fabrication technology as well as to identify the dependency of adhesion effects on rele-
vant environmental, geometrical and operational parameters, already introduced in sec-
tion 2.2.3. Thereby, all possible contact situations of MEMS devices fabricated within a 
certain technology have to be considered. In case of the investigated surface micro-
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machining fabrication technology, the designed test devices have to permit investiga-
tions at side walls of the functional layer as well to substrate.  
In general, the test devices should feature small overall dimensions in order to enable 
the placement of a large number of test devices on one test chip so as to allow several 
device modifications, on the one hand, as well as placement of identical test devices on 
the other hand. Device modifications are performed in order to realize different restor-
ing forces of test devices and to enable the investigation of different stopper sizes. On 
the other hand, the placement of identical test devices on one test chip increases the 
density of test devices per unit wafer area; this is advantageous if the adhesion behavior 
is investigated as a function of the position on a wafer. Typical examples are investiga-
tions regarding the general strength of adhesion effects or regarding the efficiency of 
anti-stiction coatings which can vary along a wafer due to slightly deviating process 
conditions during fabrication. Due to the increased number of test devices per unit area, 
the statistical significance of location-based results increases.  
A further design goal arises from a preferably high mechanical rigidity of test devic-
es, which enables investigations of the dependency of the adhesion behavior on the ap-
plied compressive contact force at contact spots as one of the most important adhesion 
parameters in the context of shock-induced failures. The electrostatically operated test 
devices have to be able to generate high compressive contact forces at travel stops or 
spacers, leading to structural deformations of the test devices. These, in turn, can trigger 
mechanical destruction or short circuits if electrodes touch each other. Therefore, a high 
structural rigidity is important to enable investigation of preferably high contact forces. 
In order to enable a rough estimation on the required order of magnitude of applica-
ble contact forces a brief example is introduced. Assume a MEMS device with a seismic 
mass of 3 = 9.3 ⋅ 10rÕ -& corresponding to a block of silicon of about 
400 x 400 x 25 µm3. In case of a shock load of .Â = 7000 & (1 g = 9.81 m/s2), a 
quasi-static contact force of about  = 3 ⋅ .Â = 642 μ6 arises at a travel stop, 
corresponding to a normalized contact force of 25.7 µN per µm thickness of the device 
layer. The simplified estimation neglects all dynamic effects e.g. due to inertia, damping 
or the impact of the mass on the stop. However, the estimation gives a first impression 
of the order of magnitude of required contact forces. 
Compared to similar investigations in the literature, maximum compressive contact 
forces of about 1 µN per µm thickness of the functional layer have been reported in 
[Timpe05] or [vonSpengen07], which highlights the challenge of the targeted design 
objective. 
4.2.2 Sticking investigations to side walls 
Test device 
Fig. 4.21 shows the test device designed for sticking investigations to side walls of the 
functional layer. The structure consists of a movable frame suspended at four meander 
springs. The frame-like construction enables a compact design with small overall di-
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mensions and high rigidity against structural deformations. At each side of the frame 
structure two flexible travel stops have been placed. In case of contact between frame 
and stops, the spring suspension provides a total restoring of 1.4 µN.  
Within the frame structure are ten pairs of electrodes, whereby it is always the left 
electrode of each pair that is electrically connected to a conductor E1, and the right elec-
trode of each pair to conductor E2. The frame structure itself is connected to ground 
potential. Due to electrostatic forces, the frame can be brought into contact with the 
travel stops on the left hand side by applying a voltage to conductor E2 or to the travel 
stops on the right hand side by applying a voltage to E1. Depending on the applied volt-
age level and on the magnitude of acting adhesion forces, compressive or tensile contact 
forces can arise at the travel stops.  
 
Fig. 4.21:   Test device for sticking investigations to side walls. 
A full finite element model of the test device has been implemented in order to calculate 
the contact forces at the travel stops. Fig. 4.22 a) shows the calculated total compressive 
contact force at the stops depending on the applied actuation voltage. The maximum 
applicable contact force has been calculated to 1340 μ6 at 29 J, which corresponds to 
the experimentally observed maximum actuation voltage. At 29 J short circuits occur 
due to structural deformations leading to contacts between the frame structure and elec-
trodes. Hence, the test device fulfills the targeted design objective of high contact forc-
es. Compared to normalized contact forces of about 1 µN per µm thickness reported in 
the literature, the introduced test device enables the generation of 26.8 µN per µm 
thickness per stop. 
The test device enables the detection of adhesion forces of a total magnitude from 
about 100 nN up to some tens of µN. To this end, the device has to be brought into con-
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tact with travel stops applying a voltage to one of the conductors E1 or E2. In case of 
device actuation by E1, Fig. 4.22 b) shows the calculated adhesion force as a function of 
the detected release voltage. During actuation of E1, E2 is electrically grounded. After 
the contact between frame and stops has been established, the voltage at E1 is slowly 
reduced until the device releases from the travel stops. Based on the observed release 
voltage, the acting adhesion force can be determined from the left quadrant of the dia-
gram in Fig. 4.22 b). If the adhesion force exceeds the restoring force of the device, it 
will remain in contact to the travel stops even when the actuation voltage at E1 has 
reached ground potential. In this case, a voltage can be applied to conductor E2, which 
leads to an electrostatic pulling force that tries to separate the frame from its travel 
stops. Depending on the detected release voltage at E2, the acting adhesion forces can 
be determined from the right quadrant of the diagram in Fig. 4.22 b). 
Several modifications of the test device have been created with different stopper siz-
es of 2 µm, 4 µm, 6 µm, 8 µm, 10 µm, 12 µm, 16 µm and 38 µm. The devices have 
been fabricated with and without an anti-stiction coating in order to evaluate the effi-
ciency of the coating. 
 a)  b) 
Fig. 4.22:   Total contact forces at the travel stops: a) Compressive; b) Tensile (adhesion forces).  
The test device has been utilized to characterize the adhesion behavior to side walls. 
Several environmental, geometrical and operational parameters have been investigated, 
as already introduced in section 2.2.3. It turned out that especially the parameters of 
contact force and stopper size have a significant effect on the adhesion behavior. The 
obtained results are introduced in the following sections. 
Results 
In total, about 1120 test devices on a non-coated wafer and 800 test devices on a coated 
wafer have been investigated with regard to their adhesion behavior. In a first investiga-
tion, the test devices have been brought into contact with the travel stops by electrostatic 
actuation. Thereby, the amplitude of the actuation voltage has been increased stepwise 
corresponding to contact forces according to Fig. 4.22 a). After each applied step of 
compressive contact force, the actuation voltage was set to ground and the number of 
sticking devices has been evaluated. Fig. 4.23 a) shows the observed probability of fail-
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ure of the test devices as a function of the applied compressive contact force. At the 
non-coated wafer, higher contact forces lead to a significant increase in the failure rate.  
The same measurement procedure has been applied with coated devices. Thereby, it 
turned out that the application of an anti-stiction coating reduces the probability of fail-
ure significantly (see Fig. 4.23 a)). However, the coating is not able to completely pre-
vent failures due to adhesion. Nevertheless, it shows a high efficiency that is not affect-
ed by higher contact forces.  
An additional investigation with non-coated devices has been performed in order to 
identify the dependency of the adhesion strength on acting compressive contact forces. 
To this end, release voltages of the test devices have been measured after each applied 
force step. The corresponding adhesion forces for the test device have been determined 
according to Fig. 4.22 b). Fig. 4.23 b) to e) show the obtained results of four different 
force steps in terms of the cumulative distribution function <() of adhesion forces.  
b)
 
c) 
a)
d) 
e) 
Fig. 4.23:   Results of adhesion investigations to side walls of the functional layer [Naumann12]; a) Total <= for coated and non-coated devices depending on the applied compressive contact force ; b–e) Proba-
bility of adhesion forces of different magnitude depending on  of 66 µN (b), 208 µN (c), 425 µN (d) 
and 670 µN (e). 
Analogously to the definition of the Weibull distribution function (see section 2.1.2), < 
corresponds to the probability of adhesion forces  to be larger than a certain value ∗. 
The diagrams reveal that higher compressive contact forces increase the probability of 
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stronger adhesion forces to occur. For example, consider the probability of adhesion 
forces to exceed the value of 5 µN. After a compressive contact force of  = 66 μ6, 
adhesion forces above 5 µN are very unlikely to occur (see Fig. 4.23 b)). In case of  = 208 μ6, the chance of adhesion forces to be larger than 5 µN is about 0.45 % (Fig. 
4.23 c)), after  = 425 μ6 almost 1% and after  = 670 μ6 1.5 % (Fig. 4.23 d) and 
e)).  
The observed trend is also confirmed by the detected maximum adhesion force 〈t〉. At  = 66 μ6 the maximum adhesion force has been detected to be 〈t〉 =3 μ6, at  = 208 μ6 to be 〈t〉 = 20 μ6 and above  = 425 μ6 to be 〈t〉 =35 μ6. 
To determine the dependency of the adhesion behavior on the size of utilized stopper 
elements, further test were conducted. The diagrams in Fig. 4.24 illustrate the failure 
probability of the test devices depending on the utilized stopper size for four different 
force steps. At small compressive contact forces, for example at FØ = 66 μN in Fig. 
4.24 a), devices equipped with the smallest travel stops of 2 µm up to 6 µm width ex-
hibit the lowest probability of failure. At higher contact forces such as at  = 124 μ6 
in Fig. 4.24 b) and above, devices with stopper sizes of 6 µm and 8 µm turned out to 
have the lowest chance of adhesion failure.  
a) b) 
c) d) 
Fig. 4.24:   Probability of failure <= depending on the stopper size at four force steps: a)  = 66 μ6; b)  = 124 μ6; c)  = 208 μ6; d)  = 670 μ6. 
Remarkable at this point is the relative increase of the probability of failure at devices 
with 2 µm and 4 µm wide stops compared to larger ones of 6 µm and 8 µm. This effect 
can be explained by the increased compressive contact pressure at smaller stops leading 
to a smaller effective distance between the contacting surfaces and, hence, to higher 
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adhesion forces. Compared to this, devices equipped with larger travel stops of 12 µm 
width and above show a higher chance of adhesion failure due to their large contact 
area. Consequently, the optimum stopper size for contacts to side walls has been identi-
fied to be between about 6 µm to 8 µm stopper width. Furthermore, the investigation 
has also shown that the optimum stopper size depends on the range of expected com-
pressive contact forces. 
Conclusions 
The investigations regarding the adhesion behavior of MEMS devices to travel stops at 
side walls have shown a strong dependency on the applied compressive contact force as 
well as on the utilized stopper size.  
The results have demonstrated an increased probability of adhesion failure at higher 
contact forces. Furthermore, it has been shown that higher contact forces increase the 
probability of higher adhesion force to occur. Thereby, stopper sizes between 6 µm and 
8 µm widths turned out to be the optimum, especially for higher contact forces exhibit-
ing the lowest probability of failure. Beside this, the investigated coating has shown a 
high efficiency in reducing the adhesion forces to side walls which is not affected by 
high compressive contact forces. 
4.2.3 Sticking investigations to substrate 
Test device 
Fig. 4.25 shows the teeter-totter like device designed to investigate the adhesion behav-
ior of MEMS devices to substrate. The structure is suspended at two torsion springs 
which are connected to an anchor in the middle of the device. An electrode underneath 
the device can be utilized to bring the structure into contact with the substrate by an 
electrostatically generated torsional moment. The contact occurs at two spacers to sub-
strate placed near the tip of the long end of the device on the right hand side (compare 
Fig. 4.25). Two versions of the device (sa) and (sb) have been designed with total re-
storing forces in case of contact to substrate of about 0.8 µN (sa) and 1.3 µN (sb). 
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Fig. 4.25:   Teeter-totter like test device for adhesion investigations to substrate.  
A finite-element model of the device has been implemented to calculate the contact 
forces at the spacers as a function of the applied actuation voltage (see Fig. 4.26).  
 
Fig. 4.26:   Total compressive contact force on the substrate depending on the applied actuation voltage. 
The maximum applicable actuation voltage has been identified experimentally to almost 
62 V, which corresponds to a total maximum compressive contact force of about 
2000 µN. As for adhesion investigations to side walls, the test device has been fabricat-
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ed with and without anti-stiction coating in order to investigate the efficiency of the 
coating. 
Results 
In total, 570 coated and 440 non-coated devices have been investigated with regard to 
their adhesion behavior to substrate. Thereby, a strong dependency on the applied com-
pressive contact forces has been observed, similar to the behavior detected at side wall 
investigations. The obtained results are illustrated in Fig. 4.27, which compares coated 
and non-coated devices. At non-coated structures, a significant increase of sticking de-
vices has been observed especially at small contact forces of up to 400 µN leading to 
probabilities of failure of about <=() = 49 % and <=(Û) = 39 %, as illustrated in Fig. 
4.27 a). Above this level, <= only shows a small slew rate. Contrary to this, coated de-
vices show a slightly deviating failure behavior, especially for low contact forces (com-
pare Fig. 4.27 b)). The logarithmic scaling of the force axes, shown in Fig. 4.27 c) and 
d), highlights the difference.  
a)
 
b) 
c) d) 
Fig. 4.27:   Results adhesion investigations to substrate; a) Non-coated devices linear scale b) Coated 
devices linear scale c) Non-coated devices logarithmic scale d) Coated devices logarithmic scale. 
The coating only works efficiently to prevent any adhesion failure at coated devices up 
to about 60 µN contact force. At the same level of contact force, the failure rates at non-
coated devices already reached about <=() = 32 % and <=(Û) = 28 %. At the maxi-
mum applicable contact force of about 2000 µN, <=() of coated devices almost reached 
the same failure rate of about 50 % as non-coated ones (56 %). Only at device version 
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(sb), a reduction of <=(Û) has been observed due to the coating from about 45 % at non-
coated devices to 18 % at coated ones. Although the efficiency of the coating is affected 
by the acting compressive contact force, it reduces the probability of higher adhesion 
forces to occur. 
Conclusions 
The failure behavior of MEMS devices for contacts to substrate shows a strong depend-
ency on the applied compressive contact force similar to the results obtained from side 
wall investigations. However, in case of contacts to substrate the investigated anti-
stiction coating shows a strong dependency on the applied contact forces. Above com-
pressive contact forces of about 60 µN, the coating starts to lose its efficiency, leading 
to increasing failure rates at higher contact forces. However, the results also indicated 
the ability of the coating to reduce the probability of high adhesion forces to occur.  
4.2.4 Summary 
The investigation of adhesion effects at micro-machined test devices has shown the 
probabilistic character of the adhesion-induced failures in MEMS devices mainly 
caused by a strong variance of the magnitude of acting adhesion forces. It has been ob-
served that identical MEMS devices exposed to the same environmental and operational 
conditions show a completely different failure behavior, which means that some of the 
investigated devices stick while others do not. This effect becomes particularly illustra-
tive in the example of an array of bending beams of different length, as already intro-
duced in Fig. 4.20 a). All beams sticking permanently to their travel stops after actua-
tion are here labeled by an “S”. Under ideal conditions, all beams longer than the short-
est adhering beam should stick. However, the image shows that some of the longer 
beams do not stick although their restoring force is smaller than that of the shortest ad-
hering beam.  
This behavior is typical for the investigated MEMS devices and reflects the stochas-
tic nature of surface contacts, whereby the effective distance  == between contacting 
surfaces as well as the real contact area  $ ! depend on the random pairing of surfaces 
asperities or shapes. Due to the extremely short range of adhesion forces that are caused 
by several physical phenomena (compare section 2.2.2), even very small variations of  == between identical MEMS devices can lead to huge variations of arising adhesion 
forces and, consequently, to a deviating failure behavior. This hypothesis is supported 
by the observed strong dependency of adhesion forces on the applied compressive con-
tact force. Due to higher , the effective contact distance between contacting surfaces is 
assumed to be slightly reduced, leading to the observed higher adhesion forces.   
Most of reviewed literature dealing with adhesion effects in MEMS (section 3.1), the 
probabilistic nature of adhesion-induced failures has not been addressed or mentioned, 
either because the effects were not that strong for the investigated MEMS structures, or 
because scientists did not realize those effects, e.g. due to only a small number of per-
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formed measurements as in [Timpe05], [Alsem12]. The variance of adhesion forces 
and, hence, the probabilistic nature of the adhesion-induced failures is expected to be 
more or less distinctive in MEMS fabricated by different technologies as it strongly 
depends on the characteristics of possible contact surfaces. In most of the scientific re-
ports, even in those clearly showing a variance of observed strength parameters of adhe-
sion as in [Bachmann06], the adhesion strength is evaluated in terms of average values, 
which finally leads to the application of deterministic failure criteria like  < $ . 
However, if the strength of adhesion effects shows a strong variation, as at the 
MEMS devices investigated in the context of this thesis, an analogy between the ob-
served adhesion behavior of the MEMS devices and their fracture behavior can be 
found. Due to the typically strong variation of the fracture strength of brittle materials, 
the application of deterministic failure criteria as described in section 2.1.1 is not possi-
ble. This makes a statistical evaluation of the test data and, finally, application of proba-
bilistic fracture mechanical concepts necessary. The same can apply to adhesion-
induced failures. In case of strong variations of the adhesion strength, application of 
simple deterministic failure criteria can only be meaningful in terms of worst case esti-
mations. An accurate description of the failure behavior of MEMS devices can only be 
achieved by defining a probability of permanent adhesion < as a function of the adhe-
sion parameters, introduced in section 2.2.3, as well as of the acting tensile force  , 
which gives 
< ,  , D, AB, 5! , C, , … . (4.2) 
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5 Impact models  
To make statements on the reliability of MEMS devices in shock environments, arising 
load states caused by acting shock accelerations need to be identified. For this purpose, 
the system behavior of MEMS devices exposed to shock accelerations has to be deter-
mined by calculation models that are referred to as impact models. From the calculated 
shock responses, arising load states in terms of deflections, structural deformations and 
impact forces can be identified and compared to failure criteria which have been derived 
for a specific fabrication process based on the results of the performed characterization 
procedure as presented in chapter 4. Failure criteria allow an estimation of whether the 
identified load states are critical, triggering shock-induced failures of breakage or stic-
tion, or not. 
The following sections present two impact models that have been implemented in 
Matlab Simulink to calculate the transient system responses of MEMS exposed to spe-
cific shock accelerations. Due to the complexity of shock events and of resulting 
MEMS responses, a compromise between achievable accuracy and involved implemen-
tation effort of impact models had to be made. Therefore, two approaches of different 
model complexity and effort have been pursued. 
5.1 Lumped element impact model - LEIM 
Real MEMS devices are commonly complex mechanical structures. A precise mathe-
matical description of their behavior depending on an acting stimulus usually requires 
numerous differential equations in order to account for the variety of possible degrees of 
freedom as well as for different physical effects, like for example fluid induced damp-
ing, which may affect the system behavior. Implementing and solving such large sys-
tems of governing equations is very time-consuming and usually requires significant 
simplifications.  
One commonly applied approach of model simplification is to limit the possible de-
grees of freedom to those which have a significant effect on the final system response. 
The simplest system model considers just one degree of freedom. In this case, the gov-
erning differential equation of motion is given by  
3 ⋅ EÜ (C) +  ⋅ EÝ (C) + 
 ⋅ E(C) + (C) +  = 3 ⋅  t(C), (5.1) 
where E corresponds to the device deflection into direction of an externally acting shock 
acceleration  t(C). Equation (5.1) has been established by transformation from sup-
port excitation to force excitation considering relative quantities. 
In order to apply (5.1) to describe the shock response of a MEMS system, as illus-
trated in Fig. 5.1 a), the system has to be simplified into lumped elements of a mass 3, 
a spring with the stiffness 
, and a damper with the coefficient  (see Fig. 5.1 b)). This 
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approach assumes that the only flexibility within the system arises from the deformation 
of the springs. Consequently, the approach can only be applied to those MEMS that 
exhibit a rigid mass body prohibiting any significant structural deformation during im-
pacts. Furthermore, the approach assumes that the shock response in terms of arising 
deflections and forces mainly occurs in the considered degree of freedom given by the 
direction of the acting shock. 
As system models based on (5.1) consist of lumped elements, the corresponding 
models are referred to as lumped element impact models (LEIM). Required parameters 
of those models like mass 3 and spring constant 
 can be extracted from the geomet-
rical dimensions of the devices. Special attention has to be paid to interactions with 
travel stops represented by the contact force (C) as well as to the consideration of 
damping effects represented by the damping ratio  or the damping force , respec-
tively. Both subjects are discussed in detail below. 
  a)  b) 
Fig. 5.1:   Generation of a lumped element impact model: a) Real MEMS device; b) Simplified system 
model consisting of lumped elements. 
5.1.1 Damping effects 
In MEMS devices, several mechanisms of energy dissipation can occur. Extrinsic losses 
due to fluid interactions and intrinsic losses due to the clamping of devices, thermoelas-
tic processes and material defects can hereby be distinguished [Mohanty02], [Sorger09].  
With regard to impact models, relevant damping mechanisms can be considered from 
two points of view: energy dissipation and damping forces. For this distinction, a rough 
classification of MEMS devices into weakly and substantially damped systems is re-
quired. Weakly damped systems are usually operated in low environmental pressure. 
Arising load conditions due to acting shock accelerations, like deflections or impact 
forces on stops, are mainly determined by inertial and elastic forces within the system. 
Damping forces only play a minor role as they have no significant contribution to the 
force equilibrium of (5.1). Nevertheless, damping has to be considered within impact 
models of weakly damped systems with regard to the energy dissipation that affects the 
decay time of bouncing or oscillations in general. Furthermore, a possible resonance 
magnification is limited by damping effects in case of periodic acceleration signals (vi-
brations), superimposed to a shock and able to excite the system at its resonance fre-
quency. However, in weakly damped systems, no dominant mechanism of damping can 
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be identified from the outset, such that all possible mechanisms of energy dissipation in 
MEMS have to be considered. As the effort involved by this is disproportionate to the 
achievable improvement of model accuracy, an alternative approach has been pursued 
within the LEIM, which replaces the unknown damping mechanisms by a constant 
equivalent damping ratio . The constant damping ratio approximates the total energy 
dissipation of weakly damped MEMS devices.  
Substantially damped MEMS systems, on the other hand, are usually operated in the 
range of normal pressure or close to it. Extrinsic losses in terms of fluid interactions are 
thus the dominant mechanism of energy dissipation [Mehner98]. Due to viscous fric-
tion, damping forces  can reach the order of magnitude of inertial or elastic forces and 
therefore significantly affect arising load states. In this case, the energy dissipation due 
to intrinsic damping mechanisms can be neglected. At the following sections a more 
detailed analysis of fluid interactions is provided. 
The mathematical description of fluid behavior is based on a set of differential equa-
tions known as Navier-Stokes equations. Under the assumption of an incompressible 
fluid, the Navier-Stokes equations are given by the continuity equation based on the law 
of conservation of mass [Oertel06]: 
∇ ⋅ I = 0, (5.2) 
where I is the vector of flow velocity and by the principle of linear momentum [Oer-
tel06]: 
_ sÞIÞ + I ⋅ ∇Ix = −∇9 + U∇mI + ß t. (5.3) 
9 is the pressure, U the viscosity, ß t the vector of external forces related on the loaded 
volume, and _ the density. 
From the Navier-Stokes equations, special models of squeeze- and slide-film damp-
ing have been derived, which are commonly applied to describe damping in MEMS 
[Sorger09]. The models describe the damping effect of a thin film of fluid between two 
plates, as depicted in Fig. 5.2, which move relative to each other. Both models are based 
on the assumption of a small gap compared to the dimensions of the plates. With regard 
to MEMS, the general class of fluids can be reduced to gases in the following consid-
erations. 
   
Fig. 5.2:   Model of two parallel plates for description of damping effects. 
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In the following sections, the implemented damping models of squeeze and slide films 
are introduced. Thereby, considerations are focused on the description of the squeeze 
film effect as emerging damping forces can, compared to slide film damping, strongly 
affect the severity of impact loads in terms of arising impact forces. 
Squeeze damping 
Squeeze damping occurs if two plates move towards each other, squeezing out the gas 
between them. The Reynolds differential equation provides the mathematical basis for 
the description of the squeeze effect. It can be derived from the Navier stokes equations 
under the assumptions of a plane and laminar flow, a small gap compared to the plate 
dimensions as well as no external forces on the volume. In case of two plates as illus-
trated in Fig. 5.2, the Reynolds differential equation can be written as 
ËËo ¦_&´12U ?$ Ë9Ëo§ + ËË£ ¦_&´12U ?$ Ë9Ë£§ = Ë(_&)ËC , (5.4) 
where _ corresponds to the density of the gas, U to its viscosity, C is the time and ?$ 
the relative mass flow. In case of isothermal processes, _ can be replaced by 9 
[Veijola99]. Equation (5.4) describes the distribution of pressure 9 along the plate coor-
dinates o and £ as a function of the change of the gap & between the plates over time. 
The parameters 9, &, _ and ?$ are thus functions of plate position (o, £) and time. 
An analytical solution for the arising damping force  has been derived in 
[Mehner98] from the linearized and simplified Reynolds equation with the assumptions 
of a small relative velocity H· between the plates and small displacements: 
 = + 3U ==〈V〉&´ H· . (5.5) 
+ corresponds to the torsional moment of inertia of a beam with the same cross section-
al area like the plates. The effective viscosity U ==〈V〉 accounts for the effect of gas rarefac-
tion in case of squeeze film damping and is given by [Veijola95] as 
U ==〈V〉 = U1 + 9.638/.àÕ, (5.6) 
where / is the Knudson number as a measure of gas rarefication given by / = [/&, 
and [ is the mean free path length. Although this solution was derived for small dis-
placements E, calculations performed in the context of this theses indicate its validity 
even for large displacements as long as the relative velocity H· between the plates is 
small. Equation (5.5) has been implemented in Simulink as a first model to account for 
squeeze damping. 
An alternative solution of (5.4) without restriction to small velocities has been, ac-
cording to [Veijola95], proposed by [Blech83] who developed an infinite series. Based 
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on this solution, an equivalent-circuit model was proposed in [Veijola95]. The solution 
of Blech has been implemented in the impact model as a second squeeze model based 
on the transformations of Veijola. The governing equations are given by 
H· = áâ,ã(& − E) Ëä,åËC + áâ,ãH· + /â,ã(& − E)´ä,å     (5.7) 
and 
 = ¬ ¬ ä,åÂ  (5.8) 
where 
áâ,ã = ¿æ(XZ)m64M29:    and    /â,ã = (XZ)m ¦Xm + M2 Z
m§ ¿È768M´2U ==〈V〉. (5.9) 
9: is the ambient pressure, X and Z are odd integers, and M and 2 are the plate dimen-
sions along o and £ direction. As the series converges fast, only a few terms need to be 
considered [Veijola95]. The model accounts for the so-called squeeze stiffness that oc-
curs at high relative velocities between the plates. In this case, the fluid is not able to 
leave the gap, which results in a fluid compression. The fluid acts as additional spring 
within the system.  
An example of two plates with dimensions 2 = M = 1000 µm, and gap & = 10 µm 
has been created in order to compare both damping models with the numerical solution 
of the equations (5.2) and (5.3) performed by ANSYS CFX. The plates oscillate per-
pendicular to each other with a frequency of 10 kHz. Fig. 5.3 shows the results for gap 
variations of 40% and 90%.  
a) b) 
Fig. 5.3:   Comparison of damping forces due to the squeeze film effect between an ANSYS CFX model, 
equation (5.7) to (5.9) and equation (5.5); a) Variation of the initial gab by 40%; b) By 90%. 
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At 40%, the solutions of both squeeze models match to the numerical solution of CFX. 
A deviation can be observed at 90% gap variation. Due to the large displacement, the 
imaginary part of the damping force––also known as squeeze stiffness––becomes rele-
vant which is not considered in the analytical solution of equation (5.5). 
Slide film damping 
Slide film damping arises between two plates, as illustrated in Fig. 5.2, moving parallel 
to each other along o or £ direction. The viscous friction of the gas between the plates 
transfers a wall shearing stress between the plates acting as a velocity dependent friction 
force (damping).  
In the simplest case of a small relative velocity H$ between the plates, a linear veloci-
ty profile of air layers within the gap can be assumed, known as Couette-flow. Based on 
the Navier-Stokes equations, an analytical solution of the shear force  can be derived 
under the assumptions of a directional flow, a negligible gas inertia as well as a negligi-
ble pressure gradient along the plates [Veijola01]: 
 = − U ==〈!〉 & H$ . (5.10) 
The effect of gas rarefaction in case of low pressures or narrow gaps is considered by an 
introduced effective viscosity,  
U ==〈!〉 = U1 + 2/. (5.11) 
A more general solution valid for higher relative velocities between the plates can be 
achieved by considering inertial effects of the gas inside the gap leading to the so-called 
Stokes-flow. A detailed discussion is provided by [Veijola01]. 
5.1.2 Contacts to travel stops 
Contacts to travel stops can occur during overload situations, for instance due to exter-
nal shocks, when the deflection of a device exceeds the initial gap between device and 
stop &. In case of contact, the elastic behavior of the stop is considered by an addi-
tional spring element within the impact models. In a first assumption, the elastic behav-
ior of stops is represented by a constant contact stiffness 
. The arising contact force  at a stop can be written as 
(E) = 
(E − &), (5.12) 
whereby (E − &) is the relative stopper deformation. Depending on the direction of , compressive and tensile contact forces can be distinguished as illustrated below. 
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           a)    b) 
Fig. 5.4:   Contact forces at flexible travel stops: a) Tensile; b) Compressive. 
Compressive contact forces 
Compressive contact forces 〈〉 arise in terms of impact forces if a device pushes 
against a travel stop due to an overload situation, for example an external acting shock 
acceleration. As demonstrated in chapter 4, compressive contact forces can affect the 
reliability of MEMS devices triggering fracture and adhesion-induced failures. Break-
age occurs if an acting impact load 〈〉 exceeds the fracture strength of structural 
elements such as anchors or frame structures. Furthermore, it has been demonstrated 
that compressive contact forces can also affect the probability of adhesion as well as the 
magnitude of arising adhesion forces leading to  s〈〉x. 
Tensile contact forces 
Tensile contact forces 〈 〉 only occur if adhesion forces are present. In this case, the 
device pulls at the travel stop. The contact lasts as long as tensile forces are smaller than 
adhesion forces, leading to the expression 
 s〈〉x ç 〈 〉, (5.13) 
which is a complex failure criterion regarding adhesion. Tensile forces can arise due to 
static restoring forces, dynamic forces of inertia, and damping as well as external forces 
like accelerations. Hence, in order to decide whether a device sticks or not, it is neces-
sary to determine 〈 〉 by solving (5.1). The minimum tensile force in a system is 
given by the restoring force commonly used as a worst case failure criterion. The prob-
ability of failure due to adhesion can be written as < s〈〉, 〈 〉x. 
Implementation 
The impact model has to account for the two cases of contact and non-contact. There-
fore, a contact flag 
 has been introduced 
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(C") = è  1,    é
(C"r) = 1ê⋀ì(C") ç 〈 〉(C")í⋁éE(C") > &(C")ê0,    q0q                                                                                                    (5.14) 
where C" is a discrete time point. Hence, the contact force can be written as 
(C") = ï         0,                                (
(C") = 0)
 ⋅ (E(C") − &),    (
(C") = 1). (5.15) 
Fig. 5.5 illustrates qualitatively the contact force  at a travel stop that shows a hystere-
sis behavior due to a present adhesion force.  
 
Fig. 5.5:   Contact force at a travel stop. 
The contact behavior has been implemented in a separate Simulink block placed within 
the impact model in order to calculate arising contact forces at a travel stop depending 
on the stopper deflection as well as on the acting adhesion force. 
Contact stiffness 
 
The contact stiffness 
 summarizes the total stiffness arising in case of contact be-
tween a movable MEMS structure and a travel stop. Due to the approach of lumped 
elements, the structural compliancy of the MEMS device itself is neglected as it is treat-
ed as a rigid body. 
 can be divided into the stiffness of the contact surface 
#$= and 
into the structural stiffness 
$# of the stop. The structural stiffness is composed of the 
rigidity of the anchor 
. and the flexible beam element 
=! t in case of a flexible 
stop. Fig. 5.6 a) illustrates a flexible stopper element and the corresponding equivalent 
mechanical network of springs. Due to the nontrivial geometry of stopper elements, 
$# has been determined by full FE-models for different stops. 
Additional to the flexibility resulting from the stopper structure, the contact surface 
itself exhibits a finite stiffness 
#$= which is in series to 
$# and therefore able to 
reduce the total stiffness of a stop. 
#$= arises at uneven contact surfaces due to rough-
ness, tilt and surface shape leading to an non-areal contact. Compared to ideal flat sur-
faces, contacts occur at some scattered contact spots. The increased contact pressure at 
these spots can cause a local deformation acting as a surface stiffness in case of an elas-
tic nature of deformations.  
Fc
u
Fa
compressive
tensile
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One approach to determine 
#$= is generating a full finite element model of contact-
ing surfaces [Thompson06]. The expected surface topography in terms of the distribu-
tion of surfaces asperities as well as the surface shape is modeled by a finite element 
mesh like depicted in Fig. 5.6 b). An FE program such as ANSYS calculates the local 
deformations depending on the applied load to determine the contact stiffness 
#$= of a 
representative surface. 
  a)   b) 
Fig. 5.6:   a) Flexible stop and corresponding mechanical network of springs; b) Finite-element model of a 
rough surface and calculated deformations. 
As the proposed approach is quite laborious and 
#$= usually much larger than 
$#, 
the loss of model accuracy by neglecting 
#$= within 
 is often acceptable. Howev-
er, in order to estimate the validity of this assumption, an analytical estimation of 
#$= 
can be performed based on the contact theory of Hertz; it describes the elastic and fric-
tionless contact of curved bodies with homogeneous and isotropic material properties. 
In terms of a worst case estimation, the contact is assumed to occur at just one contact 
spot of two asperities of spherical shape. Fig. 5.7 shows the contact situation, whereby A and Am are the radii of the spheres,  and m their Young’s Moduli and ], ]m the 
Poisson’s ratios.  
 
Fig. 5.7:   Contact of two spherical bodies. 
According to the theory of Hertz, a normal force } creates a flattening of both spheres, 
leading to an areal contact with a contact radius , given by [Popov09] as 
R1
R2
a
D
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 = µ34 } ⋅ Að , (5.16) 
and a penetration , whereby  is the equivalent Young’s Modulus of both contact bod-
ies and A the effective radius given by 
1E = 1 − ]m  + 1 − ]m
m m  
1A = 1A + 1Am. 
(5.17) 
The relationship between the applied normal force } and the penetration depth  is 
given by [Popov09]: 
} = 43 òA´. (5.18) 
From this equation, the corresponding contact stiffness can be determined as 

#$=() = Ë}()Ë = 2√A. (5.19) 
To apply 
#$= with regard to impacts, the penetration  in (5.19) has been substituted 
by (5.18): 

#$=(}) = ò6m}Að . (5.20) 
Equation (5.20) calculates the stiffness of two spherical asperities in contact depending 
on the radius of curvature A of the asperities and on the applied normal force } that 
corresponds to the compressive contact force 〈〉 in case of impacts. The equation 
can be applied in terms of a worst case estimation to see whether 
#$= has to be consid-
ered within 
 or not. The accuracy of this estimation depends, on the one hand, on 
the quality of the approximation of real contact surfaces by two contacting spheres. Fur-
thermore, the accuracy of (5.20) is only given if arising contact zones represented by the 
parameter  are small compared to A. Growing violation of this criterion leads to an 
increased deviation of the real contact behavior from that predicted by Hertz. Fig. 5.8 a) 
permits an evaluation of the validity of this criterion by showing the contact radius  
according to (5.16) normalized on the effective radius A for different contact forces and 
radii. In the range of contact radii A > 100 53, or for contact forces } < 1 36, the 
criterion can be considered more or less fulfilled.  
Fig. 5.8 b) illustrates the contact stiffnesses of two spherical asperities according to 
(5.20) for different contact radii A conditional on the acting contact force 〈〉 that 
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has been considered within a typical range of impact forces from 10 µN to 10 mN. 
Thereby, stiffness values in the range of 3 kN/m to 200 kN/m have been determined. 
Assuming contacts to occur at more than one contact spot, stiffness values of in-
volved asperities act in parallel and lead to an increased total 
#$= compared to the re-
sults presented in Fig. 5.8 b). Consequently, 
#$= can often be neglected, especially in 
case of flexible travel stops with typical stiffness values in the range of 500 N/m up to 
4000 N/m, as the contribution of 
#$= to the total stiffness of the stop is small. 
  a)   b) 
Fig. 5.8:   a) Normalized contact radius (} , A)/A depending on the normal force }; b) Stiffness of the 
contact surface 
#$= depending on } and on the effictive radius A of contacting spheres. 
5.1.3 Analysis and discussion of the LEIM 
The lumped element impact model has been implemented in Simulink based on the 
governing differential equation (5.1), which is solved by numerical integration. Fig. 5.9 
illustrates the simplified Simulink model. Contact forces at travel stops are calculated 
by contact cells according to (5.15). The most relevant damping effects in MEMS de-
vices of squeeze and slide film are considered by damping cells according to section 
5.1.1. In total, four different damping cells have been implemented. Apart from one 
slide film cell according to (5.10), two different squeeze film models have been imple-
mented. A first squeeze film cell is labeled “fast squeeze” as it enables an analytical and 
therefore fast calculation of damping forces according to (5.5) but with restrictions to 
small velocities. The second squeeze model is based on the differential equations (5.7) 
to (5.9). It accounts for squeeze stiffness, which makes it more accurate in case of high-
er relative velocities of damping plates. Hence, the second cell is labeled “accurate 
squeeze”. A drawback of this model is a higher computational effort, resulting in longer 
calculation times compared to the fast squeeze model. Furthermore, damping mecha-
nisms not covered by squeeze and slide film models can be considered by constant 
damping ratio implemented in a fourth cell. The modular construction of LEIM permits 
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an easy adoption to different MEMS devices and fosters further model extensions (sec-
tion 5.2). 
 
Fig. 5.9:   Simplified schematic of the lumped element impact model LEIM implemented in Simulink 
with damping and contact cells. 
The following sections point out a special characteristic of the LEIM resulting from the 
governing system equations. Considering the differential equation of motion (5.1) and 
all further equations introduced to account for contacts and damping effects, one will 
notice that the total equation of the system is discontinuous due to the sectionwise de-
fined contact force, and non-linear in case of present squeeze damping or adhesion forc-
es. Both, discontinuity and non-linearity, lead to high requirements on the solver algo-
rithm and on the choice of the time step size of the numerical integration. Furthermore, 
systems which are governed by those kinds of differential equations typically show 
strong susceptibility to minor parameter changes. Small deviations of initial system 
conditions or system parameters in general can lead to completely different system re-
sponses. In this case, systems are called chaotic [Demtröder08]. A small example will 
demonstrate this behavior. 
Assume a MEMS device with a spring stiffness of 10 N/m and a mass 3 = 3.44e-
9 kg corresponding to a silicon block of 200 x 300 µm2 with a thickness of 25 µm, illus-
trated in Fig. 5.10 a). The device is intended to be operated at normal pressure and thus 
exposed to squeeze damping by eight parallel moving plates with the dimensions of 130 
x 25 µm2. The gap between the plates is given by 3 µm. In order to limit the travel E of 
the device, two stopper elements have been applied with stiffness values of 
  = 1 -6/3 and 
m  =  100 -6/3. The gaps between the device and the stops are giv-
en by &  =  1 μ3 and &m  =  2 μ3.  
Fig. 5.10 b) shows the calculated deflection curves of the device for two versions of 
m. The original value of 
m has been considered as well as a small deviation by 
only 1 ‰ from the initial value, which may occur because of variations of the fabrica-
tion process. Both device versions bounce between the applied travel stops due to an 
acting sinusoidal shock accelerations of 15 kHz with an amplitude of 5000 g. The accel-
eration is applied into operating direction of the device for ten periods. Because of the 
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small deviation of 
m between both versions, small differences in the shock response 
occur and accumulate over time (see Fig. 5.10 b)). After about 0.35 ms, the shock re-
sponses of both device versions differ completely while the individual curves are con-
verged, which means that the calculated deflections are stable with regard to improve-
ments of simulation accuracy as for instance reduction of the time step size. However, 
due to the non-linear and discontinuous nature of the governing differential equation, a 
small parameter variation results in a completely changed system behavior after a cer-
tain time. The system shows a chaotic behavior. 
 
        a)    b) 
Fig. 5.10:   a) Example of a simplified MEMS device; b) Calculated shock responses for two device ver-
sions with 
m_õ  =  100 -6/3 (dashed line) and 
m_ö  =  100.1 -6/3 (continuous line). 
A similar effect can be observed in case of slightly deviating adhesion forces acting at 
the travel stops. In the current example, a minimum adhesion force of 154 µN would be 
necessary to cause adhesion failure after the acceleration signal decayed (see Fig. 5.11 
a)). The second curve in Fig. 5.11 a) illustrates the system behavior in case of an adhe-
sion force of 152 µN, which is unable to cause failure. Both curves show completely 
deviating system responses. Furthermore, the example points out that restoring forces 
are insufficient as failure criteria regarding adhesion in case of dynamic load situations. 
Finally, damping forces of both introduced squeeze film models are compared in Fig. 
5.11 b). Here, only small deviations between the fast and accurate squeeze model have 
been observed due to the effect of squeeze stiffness.    
 
 a)  b) 
Fig. 5.11:   a) Shock responses at different adhesion forces:  = 152 μ6 (dashed line),  = 154 μ6 
(continous line); b) Damping forces in case of the fast and accurate squeeze film model. 
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The example has demonstrated that MEMS devices in shock environments can show a 
chaotic behavior, especially in case of forced bouncing processes. A major challenge in 
this case relates to the effect of parameter variations on the system behavior. Usually, 
numerical methods like the performed integration are applied to solve non-linear and 
discontinuous differential equations, as analytical solutions can hardly be derived. A 
general disadvantage of numerical solutions, compared to analytical ones, is the high 
computational effort needed to investigate the effect of parameter variations by multiple 
simulations runs [Dresig07].  
5.1.4 Summary LEIM 
The previous sections have demonstrated the applicability of the lumped element impact 
model to calculate the response of MEMS devices exposed to shock accelerations. Ad-
vantages of the LEIM approach include the easy implementation and low computational 
costs, leading to fast simulations of shock responses of MEMS devices. The low time 
consumption of simulations is particularly beneficial in terms of investigations on the 
parameter dependency of shock responses by multiple simulation runs, as results can be 
achieved within a reasonable time. 
However, the introduced model also has a couple of drawbacks. The most serious 
drawback is the limitation of the system description to one degree of freedom, resulting 
into a restriction of commonly multidirectional shock accelerations into a main shock 
direction. The applicability and accuracy of the model is hence limited. In general, a 
model expansion to multiple degrees of freedom would be possible when additional 
differential equations coupled among each other are considered. However, in this case, 
the convenience of the LEIM approach gets lost as the resulting system of coupled dif-
ferential equations has to be adapted manually to each individually investigated MEMS 
device. 
A further drawback of the LEIM approach results from treating the MEMS structure 
as a rigid body where structural deformations, for example due to acting impact forces 
on travel stops, can only be considered for springs and travel stops. Consequently, the 
LEIM can only be utilized for reliability statements or for identification of design pa-
rameters at spring suspensions or travel stops. 
In order to overcome the abovementioned drawbacks, an alternative approach is pre-
sented in the next section. 
5.2 Reduced order impact model ROIM 
5.2.1 Theoretical background 
In general, MEMS are complex mechanical structures. The generation of system models 
based on analytical equations is therefore limited to some exceptional cases or requires 
a substantial reduction of system complexity as it has been done in terms of the LEIM. 
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Therefore, full finite element models are commonly generated in order to describe the 
complex mechanical behavior of MEMS as well as different physical effects. 
The equations of motion of such a discretized system of 6 finite element nodes are 
given by  
4FÜ (C) + FÝ (C) + F(C) = %(C),  (5.21) 
where 4,  and  are ∈  ℝ}×} and correspond to the system matrices of mass, damp-
ing and structural stiffness. F(C) is the state vector of the system in terms of nodal dis-
placements in local coordinates (o, £, ú), and  %(C) the vector of nodal loads. Both are ∈  ℝ}. A drawback of full finite element models lies in their high order 6, correspond-
ing to the number of system equations. 6 usually needs to be large as it correlates with 
the number of finite elements in the model and, therefore, affects the model accuracy. 
Solving large systems of coupled equations is very time-consuming. Especially in 
transient simulations, which have to be performed in case of impact modeling, this 
drawback comes into effect. As this is a general problem of finite element models, sev-
eral algorithms of order reduction have been developed.  
In the context of this thesis, the approach of model superposition has been applied, 
an established methodology utilized to describe the dynamic behavior of MEMS devic-
es. A detailed explanation of this methodology and the underlying theoretical back-
ground is given in [Mehner00], [Bennini05] or [Gugel09]. At this point, only a brief 
summary is provided, as this is required to understand the developed reduced order im-
pact model ROIM. 
The methodology of modal superposition belongs to the general order reduction al-
gorithms of orthogonal projection. The basic idea of this approach is to reproduce arbi-
trary deformation states F(C, o, £, ú) of a linear system within local coordinates by a 
superposition of / scaled modes of vibration d"(o, £, ú) of the same system.  
F(C, o, £, ú) ≈ ¬ >"(C) ⋅ d"(o, £, ú)@"«  (5.22) 
A deformation state of a structure is described by / time-dependent scaling factors >"(C) of its mode shapes instead of nodal displacements F(C, o, £, ú). By applying modal 
superposition, a coordinate transformation from local coordinates of the FE-model into 
modal coordinates is performed. According to the theory of orthogonal projection, the 
coordinate transformation of the system equations requires to set up the matrix of pro-
jection e. In case of modal superposition, e contains the 4 and  orthogonal eigenvec-
tors of the system column by column. The matrices of the system within modal coordi-
nates are given by 4 = eÁ4e,  = eÁûe,  = eÁe and % = eÁü. Hence, the 
system equations within modal space can be written as 
4 ýÜ (C) + ýÝ (C) + ý(C) = %(C), (5.23) 
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where the scaling vector ý(C) includes the new independent modal coordinates in terms 
of modal displacements.  
The utilization of the system equations in modal space (5.23) instead of (5.21) in lo-
cal coordinates offers two computational benefits. Due to the performed orthogonal pro-
jection, the new system matrices are diagonal, thus leading to a decoupled system of 
equations. Furthermore, only a small number of mode shapes are usually required to 
reproduce a certain deformation state of a structure with an adequate accuracy. The ma-
jority in the total set of 6 modes of vibration does not have a significant contribution 
and can therefore be neglected, which leads to a reduced set of / substantial modes, 
with / ≪ 6 [Bennini05]. Hence, the projection matrix e can be reduced to / columns, 
resulting in modal system matrices ∈  ℝ@×@ and therefore to a reduced order of the sys-
tem. With an appropriate normalization of eigenvectors, the entries of the orthogonal 
system matrices are given by 
¢"," = 1, "," = 2^"b:", "," = b:"m,  * = 1,2, … , / (5.24) 
where ^" is the modal damping ratio and b:" the eigen angular frequency of the i-th 
mode. Hence, the new equations in modal space can be written as 
>Ü" + 2^"b">Ý" + b"m>" = " + d"Á(%(E) + %(E)). (5.25) 
" is the external force acting on the i-th mode, (E) are contact and (E) damping 
forces. Modal parameters of eigen angular frequencies and eigenvectors can be easily 
obtained by a modal analysis of the MEMS device with a finite element program that 
allows an automatization of this order reduction procedure. Due to the transformation 
from local into modal coordinates, the approach of modal superposition allows a fast 
and accurate simulation of the dynamic system behavior within modal coordinates 
based on (5.25). A back transformation of the modal state vector ý into local coordi-
nates can be achieved by applying (5.22). Hence, it has been demonstrated that the ap-
proach of modal superposition is basically suitable to describe the time-dependent sys-
tem behavior of complex linear mechanical systems. However, in order to make it ap-
plicable to MEMS, it has been extended by [Mehner00], [Mehner03] and [Bennini05] to 
account for nonlinear effects that may occur in MEMS devices. Two kinds of nonlinear-
ities can hereby be distinguished, as a result of the nonlinear behavior of the mechanical 
structure itself and from nonlinear external forces. 
Mechanical nonlinearities in MEMS arise for example due to the so-called stress-
stiffening effect. A typical example for this effect is a double-side clamped beam ex-
posed to a bending load. Stress stiffening occurs if the gradient of strain energy due to 
elongation of the neutral plane exceeds the gradient due to bending. One approach to 
account for this effect is proposed in [Mehner00]. The starting point is a finite element 
model of a structure. Different modal displacements are applied to the structure in terms 
of displacement constrains. Finite element model runs provide the total strain energy at 
the applied sample points of deformation. A fit procedure yields the functional relation-
ship between the strain energy and modal displacements. Deriving the achieved fit func-
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tions delivers the nonlinear mechanical forces within modal coordinates, which can re-
place the linear force term ý(C) in (5.23). 
The second source of nonlinearities, particularly relevant in terms of impact models, 
lies in external forces in fact of contacts and damping. 
5.2.2 Contact forces 
According to the considerations in section 5.1.2, contact forces can be calculated by 
applying (5.15), which requires knowledge of local displacements at possible contact 
spots in order to distinguish between the contact and non-contact case. Therefore, modal 
displacements ý have to be transformed into local coordinates using (5.22) at all possi-
ble contacts spots along a structure. If a contact occurs, the arising contact force % is 
transformed into modal space according to % = eÁ%Ø. 
5.2.3 Consideration of damping forces 
The ROIM enables a convenient description of MEMS devices including various trans-
latory and rotatory degrees of freedom as well as structural deformations. The large 
number of possible degrees of freedom also affects the choice of damping models.  
Section 5.1.1 already presented basic considerations regarding relevant damping 
mechanisms with regard to impact modeling. It turned out that slide and squeeze film 
effects are most relevant; the following considerations are focused on the latter, that is, 
squeeze effect. Due to the underlying simplification of the LEIM to one degree of free-
dom, the already introduced squeeze film damping models in section 5.1.1 are based on 
the restrictions to even and parallel plate geometries moving perpendicular to each oth-
er. In order to account for additional degrees of freedom provided by the ROIM ap-
proach, further damping models are required; they are introduced in the following sec-
tions.  
A first strategy to account for the squeeze-film effect has been proposed by 
[Mehner03] based on the so- called modal projection. This approach wants to set up a 
simple mathematical expression of arising damping loads %(ý, ýÝ ) due to the squeeze 
effect in modal coordinates. %(ý, ýÝ ) can hereby be classified as dissipative effects, 
represented by a damping matrix , and as compressive effects, represented by stiff-
ness matrix , leading to  
%(ý, ýÝ ) = ýÝ + ý. (5.26) 
Modal projection requires generating a finite element model of the MEMS structure as 
well as of the fluid geometry. The structural model is used to extract modal parameters 
of eigenfrequencies and eigenvectors, analogous to the reduced order model generation 
procedure. Special fluid elements, based on the governing Reynolds differential equa-
tion, are needed to model the fluid domain. Depending on displacement and velocity 
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boundary conditions, the arising pressure 9 is calculated in the fluid domain, with the 
real part corresponding to the damping load and the imaginary part to the compressibil-
ity. In order to achieve a transformation from local pressure loads into modal coordi-
nates, the following equation has to be applied  
,">Ý" + ,">" = dÁ  7Á9(d">Ý"). (5.27) 
The right hand side of this equation corresponds to the modal force ," induced by the 
wall velocity d">Ý" of i-th mode, which has been applied as nodal boundary condition for 
the squeeze model. The calculated element pressure 9(d">Ý") is transformed into an 
equivalent nodal pressure by multiplication with the transposed vector of element shape 
functions 7. After that, nodal pressure loads are transformed into modal space by mul-
tiplication with the transposed eigenvector dÁ of the j-th mode. The combination of the 
indices * and , within the range *, , = 1,2, … , / delivers the matrix coefficients of ," 
and ,". Therefore, / finite element runs of the fluid domain are required, with / be-
ing the number of considered modes. Diagonal terms of the matrices  and  repre-
sent the modal damping or the modal compressibility of the corresponding mode, re-
spectively, and off-diagonal terms the cross coupling between modes. As the ratio be-
tween dissipative and compressive effects in squeeze film problems depends on fre-
quency, a harmonic analysis is needed for identifying (Ω) and (Ω) where Ω is the 
eigen angular frequency. Therefore, pressure distributions are calculated for a limited 
number of frequency samples around the cut-off frequency of considered modes. Typi-
cally, five sample points are sufficient to reconstruct the harmonic transfer function of 
the squeeze effect by a fit function [Mehner03]. As frequency-dependent damping and 
stiffness matrices cannot be utilized within the time domain of impact models, the har-
monic transfer function of the squeeze damping is modeled by a network of constant 
spring-damper elements proposed in [Veijola04]. In total, 5 x / finite element runs have 
to be performed to determine the sample data required for the representation of squeeze 
film effects within modal coordinates.  
The algorithm introduced above is based on a constant fluid gap and therefore lim-
ited to the small signal case. An extension to the large signal case, as it usually occurs in 
case of impact modeling, requires an update of fluid geometries before the algorithm for 
small signal case can be applied. Therefore, the range of possible modal amplitudes of 
each considered mode has to be divided into a certain number of sample points. As 
modal decomposition is not possible, physically reasonable combinations between all 
modal sample points of displacement have to be applied to the geometry of the fluid 
domain. After each geometry update, the small signal algorithm can be performed to 
determine the coefficients for the damping and stiffness matrices for the present modal 
amplitudes. Fit functions provide the functional relationship between modal displace-
ments damping coefficients.  
The possibility to consider the areal character of damping loads within modal forces 
is an advantage of the modal projection approach. Furthermore, it is principally possible 
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to account for complex geometries of the fluid domain as well as for numerous degrees 
of freedom, as damping coefficients are determined based on the numerical solution of 
the Reynolds differential equations without additional restrictions. However, the con-
sideration of large deflection states requires calculating the damping coefficients at sev-
eral modal deflections. In case of applying the reduced order modeling and the modal 
projection approach to describe fluid interactions of MEMS during their intended func-
tional operation, deformations of the MEMS structure are usually well know. Hence, the 
number of required modes to accurately describe the system behavior can be reduced 
significantly. Furthermore, a classification of modes into dominant and relevant modes 
is often possible [Bennini05]. According to this classification, interactions between rel-
evant modes can be neglected, which reduces the number of combinations of different 
modal displacements required for modal projection.  
Assume for example a modal projection in a large signal case based on three 
eigenmodes, whereby only one mode is dominant and the range of possible modal dis-
placements is sampled by 5 points. The consideration of interactions of the dominant 
mode with both relevant modes leads to 5x5 + 5x5 = 50 sample points that are required 
to account for the large signal case in terms of geometry updates of the fluid gap. Addi-
tionally, the small signal procedure of modal projection has to be performed at each 
sample point. If the frequency range is sampled by 5 points and each mode is applied in 
terms of a velocity boundary condition for pressure calculation, the modal projection at 
each constant fluid gap requires once again 5 x 3 = 15 finite element runs. In total, 750 
finite element runs have to be performed in this example in order to determine the re-
quired damping and stiffness coefficients––which is still a practicable number. 
However, in terms of impact modeling, the classification into relevant and dominant 
modes does not work in any case. Furthermore, a much larger number of eigenmodes is 
required to capture all possible degrees of freedom. Hence, the approach of data sam-
pling required to generate the ROIM database may become inconvenient. An example 
similar to the previous one but with 5 dominant eigenmodes will point out the huge 
computational effort involved by this methodology. In this case, displacement combina-
tions of all modes need to be considered––this means 3125 sample points of possible 
fluid gaps. In addition to this, the requirement of frequency sampling results in a total 
number of 78,125 finite element runs, which clearly is quite inconvenient. Therefore, an 
alternative approach has been implemented, introduced in the next section. 
Finite difference model FDM 
The main goals for implementing a squeeze-film model are twofold: first, accounting 
for the additional degrees of freedom, provided by the ROIM, in terms of possible plate 
deformations and motions, and second, considering squeeze damping and compression 
effects in case of high velocities or large changes of fluid gaps, respectively. Hence, the 
starting point for deriving the new squeeze model is the Reynolds differential equation 
(5.4) without simplifications or linearization. As no analytical solution exists, (5.4) has 
to be solved numerically, requiring a discretization of space and time. An adequate sub-
stitution of spatial derivatives of the pressure 9(o, £) by finite differences has been pro-
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posed by [Veijola99]. Accordingly, the damping plates have to be subdivided into small 
elements.  
Fig. 5.12 shows an example of a rectangular plate geometry with gap & and dimen-
sions 2 ×  M. The plate is subdivided into / ×  6 elements with the element dimen-
sions Δo ×  Δ£, whereby Δo = 2// and Δ£ = M/6.  
Each element (-, 5) on the plate is considered as a parallel plate configuration with 
two main degrees of freedom of element gap and relative element velocity between the 
plates. The pressure 9Â, of an element is calculated as a function of both, main degrees 
of freedom as well as the pressure of surrounding elements. Hence, it is possible to 
adopt the plate geometry to different deformation states and relative motions, with the 
pressure along single elements (-, 5) assumed constant. 
Due to the discretization, the pressure distribution along the plate can be described 
by a pressure matrix 	 whereby 9Â, corresponds to the pressure of an element within 
discrete plate coordinates - and 5 (- = 1,2, … , / and 5 = 1,2, … , 6). Hence, the spatial 
derivatives of 9 in (5.4) can be substituted by central differences according to 
[Veijola99]: 
Ëm9Ëom = 9Â
, − 29Â, + 9Âr,(Δo)m  
Ëm9Ë£m = 9Â,
 − 29Â, + 9Â,r(Δ£)m  
Ë9Ëo = 9Â
, − 9Âr,2Δo  
Ë9Ë£ = 9Â,
 − 9Â,r2Δ£  
(5.28) 
Calculating derivatives base on finite differences at an element (-, 5) involves the pres-
sure values of adjacent elements. In order to enable the application of the equations 
(5.28) to outer elements of the plates with - = (1, /) or 5 = (1, 6), additional border 
elements have been introduced, leading to 	 ∈ ℝ(@
m)×(}
m) (see Fig. 5.12). The intro-
duced border elements are utilized to apply the boundary condition of environmental 
pressure to the system of equations. 
Beside space, also the time scale needs to be discretized by introducing a time step ∆C = C − Cr. Hence, the time derivative of 9 in (5.4) can be substituted according to 
the explicit Euler approach by 
Ë9(C)ËC ≈ 9C − 9Cr∆C . (5.29) 
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Before (5.4) can be discretized, it needs to be partially derived considering & and 9 to 
be functions of space and time. The flow rate coefficient ?$ in (5.4) is substituted ac-
cording to [Veijola95] by 
?$ = 1 + 9.638 [9:9& 
.àÕ
 (5.30) 
in order to account for the effect of gas rarefaction, with [ being the mean free path 
length and 9: the ambient pressure outside the fluid gap.  
After derivation and discretization, equation (5.4) can be simplified to 
	¤9¤m + 	¤Ä9¤ + ¬ 	9 = ¤ , (5.31) 
where 9¤ is the pressure at the element position < = (-, 5), 	¤ and 	¤Ä  summarize 
all coefficients of squared and linear terms of 9¤. 9 are further pressure variables of 
adjacent elements coupling into the equation for element <, and 	 are the correspond-
ing coefficients. ¤ summarizes all terms that do not allow a factorization with regard to 9. Equation (5.31) is nonlinear––it contains 9¤m and 	¤, 	 as well as ¤ are functions 
of 9¤––and coupled, which means it contains further unknown variables 9, inhibiting a 
direct solution for 9¤. Hence, a sequential solution algorithm is applied to solve (5.31) 
element-wise by linearization and decoupling. Sequential solution algorithms common-
ly require two iteration loops. An inner loop solves the non-linear equation (5.31) itera-
tively for 9¤ by a successive approximation (Picard-Itertion). Therefore, (5.31) is de-
coupled by setting the variables 9 to their last known value 9∗. Squared terms 9¤m, 
which arise due to the partial derivation of (5.4), are substituted at the i-th inner iteration 
according to Newton’s method by 9¤" ⋅ 9¤" ≈ 29¤" ⋅ 9¤"r − 9¤"r ⋅ 9¤"r. After reorganiza-
tion of (5.31), 9¤"  can be calculated by 
9¤" = ¤~(9¤"r) − ∑ 	9¤"r9∗	¤~9¤"r , (5.32) 
where, 	¤~ and 	¤~ are the new coefficients. 	¤~, 	 and ¤~ are determined based on the 
element pressure 9¤"r of the previous iteration step. The inner loop is performed until 9¤ converges. The demands on the accuracy of inner iterations are low, as 9¤ is only an 
intermediate result that will change when the pressure at adjacent elements is updated. 
Typically, a few inner iterations are enough to obtain a good approximation of 9¤. The 
outer loop repeats the described procedure for all elements on the plate until the total 
pressure distribution converges. Thereby, problems of convergency or even instability 
may occur for the described sequential algorithm as the pressure 9¤ of single elements 
is determined from decoupled equations. If the pressure change at single elements is too 
large, the convergence of the outer iteration loop might be impeded. Hence, the ap-
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proach of under-relaxation is applied, which limits the possible change of 9¤  at the j-th 
outer iteration loop according to 
9¤ = 9¤r + N9¤  − 9¤r, (5.33) 
where N is the factor of under-relaxation with 0 < N < 1, and 9¤  is the converged 
result of the inner loop according to (5.32). The sequential solution algorithm has been 
optimized with regard to the required computational effort by controlling N by the con-
vergence of the outer loop. 
The described numerical solution algorithm has been implemented in Simulink by a 
Matlab function block which is labeled FDM (finite difference model). The block needs 
to be initialized by defining the plate geometry, the number of elements for discretiza-
tion of the geometry, the environmental pressure, and several parameters required to 
control the numerical routine such as convergence criteria. The FDM block can be 
placed into a Simulink impact model of a MEMS device in order to calculate squeeze 
film effects arising at a specific plate geometry. Present deformation and motion states 
of the considered damping plate arrangement are given by the impact model at each 
time-step in terms of input parameters to the FDM. Based on this information and on 
the pressure state of the previous time-step, the FDM updates the pressure distribution 
along the plate geometry according to the introduced sequential algorithm. Input param-
eters of displacement and motion can be provided for all elements on the plates or only 
for a small selection of elements requiring a fit procedure to expand the data to all ele-
ments. 
 a)  b) 
Fig. 5.12:   a) Discretized plate arrangement for the finite-differences squeeze film model FDM; b) Calcu-
lated pressure distributions for parallel and tilted plates. 
The introduced FDM block has been examined for different plate geometries and mo-
tions by comparison to a 3-D full finite element model of the fluid domain solved by 
ANSYS CFX. Fig. 5.12 b) shows two examples of a parallel and a tilted arrangement of 
plates, as well as the characteristic pressure distribution calculated by the FDM block. 
The plates of 386 µm x 250 µm in size have initial gaps of 1.8 µm (parallel) and 1 µm – 
3 µm (tilted). Damping forces have been calculated for different oscillation frequencies 
with an amplitude of 0.6 µm. Fig. 5.13 a) to d) illustrate the comparison between differ-
ent damping models. The results of the FDM are in good agreement with the full finite 
element model solved by CFX. For the example of parallel plates oscillating with 
10 kHz, the effect of squeeze stiffness becomes obvious as the numerical results of 
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FDM and CFX differ from the analytical results, which are based on (5.5) and therefore 
do not account for compressive effects. 
Fig. 5.13:   Comparison of damping models between ANSYS CFX, FDM and an analytical model accord-
ing to eq. (5.5) at parallel and tilted plates for different frequencies. 
5.2.4 Implementation of the ROIM 
The ROIM has been implemented in Simulink as illustrated in Fig. 5.14. The differen-
tial equations of motion (5.25) of a MEMS structure are solved for all considered modes 
within modal space by numerical integration. In order to enable the consideration of 
contact and damping forces, defined in local coordinates, modal displacements and ve-
locities need to be transformed back into local coordinates. Therefore, special transfor-
mations blocks are introduced and the back transformation is performed according to 
(5.22). Contact forces are considered through contact cells, already introduced in section 
5.1.2 for the LEIM. Damping effects can be considered by four different types of damp-
ing cells of a slide film model, fast and accurate squeeze film models, as well as FDM 
blocks. The calculated contact and damping forces are transformed from local into 
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modal coordinates with  = ΦÁF. Modal damping forces defined by modal damping 
ratios ^" can be considered additionally to the introduced damping models in order to 
avoid undamped modes. 
 
Fig. 5.14:   Simplified schematic of the reduced order impact model ROIM implemented in Simulink 
[Naumann11]. 
An example of application of the ROIM is provided in section 7.3. 
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6 Constructive measures to increase MEMS reliability 
This chapter summarizes a selection of constructive measures that can be applied to 
increase the reliability of MEMS devices. In this context, design components of spring 
suspensions, travel stops, and spacers, respectively, have been examined with regard to 
their capabilities and limitations for improving the reliability of micro-mechanical de-
vices. 
6.1 Design of spring elements 
The malfunction of beam elements in MEMS devices due to fracture is a major failure 
mechanism, as already stated in section 4.1.1. Beam elements in MEMS devices are 
commonly applied in terms of spring suspensions of movable structural components, 
like seismic masses of inertial MEMS sensors, or in terms of flexible travel stops as 
illustrated in Fig. 4.21. In both applications, beam elements can be exposed to enormous 
loads or deflections e.g. during their normal operation if a large device travel is required 
to fulfill the desired functionality, or in case of overload situations during external act-
ing shock accelerations. Considering the special load case of pure bending, as already 
addressed in section 4.1.3, the highest stress concentration arises at the transition be-
tween a beam and its mounting base (see Fig. 4.10). In order to avoid excessive stress 
concentrations at sharp corners, edges can be rounded as depicted in Fig. 4.9. 
This section demonstrates the ability to increase the reliability of beam elements, and 
therefore of entire MEMS devices, by a proper choice of beam joints based on the re-
sults presented in section 4.1.3. Thereby, it has been found that the introduced corner 
types C1 to C4 (Fig. 4.9 b)) affect the fracture behavior of the investigated single and 
double-side clamped beams, which becomes clear when comparing the determined 
Weibull parameters (Table 4 and Table 5). Furthermore, the results mentioned above 
already indicate that applying corner types C3 and C4 is advantageous compared to the 
commonly utilized standard corner type C1, as bending beams equipped with C3 and 
C4 exhibit slightly larger maximum deflections and maximum applicable loads (com-
pare Fig. 4.14 and Fig. 4.16). In order to assess how the observed behavior affects the 
reliability of the investigated beam elements, their probabilities of failure have to be 
compared depending on the applied beam deflections. Fig. 6.1 illustrates the probabili-
ties of failure of bending beams conditional on the beam deflections for different corner 
types and load cases based on the determined fracture behavior summarized in Table 4 
and Table 5. In Fig. 6.1 a), the probabilities of failure for single-side clamped bending 
beams equipped with corner types C1 and C4 are compared; and in Fig. 6.1 b) double-
side clamped bending beams equipped with C1 and C3. The effect of different corner 
types on the stiffness of the beam elements has hereby been neglected as it has been 
identified to be minor. 
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  a) b) 
Fig. 6.1:   Probability of failure conditional on the beam deflection; a) Single-side clamped beams; b) 
Double-side clamped beams. 
It becomes clear that beams equipped with optimized corner types C3 or C4 exhibit a 
smaller or equal probability of failure compared to beams with the standard corner type 
C1 exposed to the same beam deflections. Especially in case of small deflections, the 
advantage of both corner types, C3 and C4, becomes clear as for beams equipped with 
C1, fracture incidents cannot be excluded even for small deflections, whereas for C3 
and C4, fractures are unlikely to occur below a threshold value ..  
For example, in case of double-side clamped beams (Fig. 6.1 b)), a deflection of 
2.2 µm would lead to <= = 6 % for beams equipped with corner type C1 – compared to 
a failure probability of 0% for beams equipped with C4 corners.  
Consequently, the optimization of the stress distribution at beams joints by a proper 
choice of roundings can increase the reliability of beams regarding breakage. 
6.2 Application of travel stops and spacers 
At MEMS devices, travel stops and spacers can be distinguished. Both are usually ap-
plied in order to increase the reliability of devices regarding different aspects. One 
common application of travel stops and spacers is the reduction of contact area with 
regard to adhesion-induced failures. Although the dependency of adhesion forces on the 
geometrical contact area depends on the utilized fabrication technology as well as on 
operational parameters (compare section 4.2), it is generally assumed that larger contact 
areas tend to exhibit stronger adhesion forces. In fact, travel stops or spacer are applied 
in order to avoid areal contacts between micro-mechanical components. Compared to 
travel stops, spacers are placed within existing gaps between adjacent MEMS compo-
nents as illustrated in Fig. 6.2 a), with the sole purpose of avoiding areal contacts.  
0,001
0,01
0,05
0,10
0,50
0,90
0,99
3,6 4 4,4 4,8 5,2 5,6 6 6,4 6,8 7,2
P
ro
b
a
b
ili
ty
 o
f 
fa
ilu
re
 
Beam deflection in µm
P_f C1
P_f C4
0,01
0,05
0,10
0,50
0,90
0,99
1,6 1,8 2 2,2 2,4 2,6 2,8 3 3,2
P
ro
b
a
b
ili
ty
 o
f 
fa
ilu
re
 
Beam deflection in µm
P_f C1
P_f C3
Constructive measures to increase MEMS reliability 103 
 
      
                 a)  b) 
Fig. 6.2:   a) Example of applying spacers at a spring suspension; b) Example of a flexible travel stop. 
Travel stops on the other hand, as illustrated in Fig. 6.2 b), have to fulfill additional 
purposes. First of all, they have to limit possible device travels in order to avoid over-
load deflections that can cause, for example, fractures at spring suspensions or short 
circuits at electrostatically operated MEMS devices. Therefore, travel stops have to be 
connected to substrate by anchor elements (in case of surface micro-machining) in order 
to bear arising loads in case of impacts. Furthermore, travel stops should be able to mit-
igate those impact loads emerging during the deceleration of MEMS components as 
excessive impact forces can trigger fracture or adhesion-induced failures. For this pur-
pose, travel stops can be designed flexible by utilization of small beam elements. Fig. 
6.2 b) shows a possible flexible travel stop design consisting of a spacer, a flexible 
beam element and anchors to substrate. 
The following sections address the application of travel stops and spacers regarding 
their capabilities and limitations for increasing MEMS reliability. 
6.2.1 Application of spacers 
In order to avoid areal contacts, spacers are placed between adjacent MEMS compo-
nents as depicted in Fig. 6.2 a). Thereby, two opposing trends can be observed. On the 
one hand, the application of spacers can increase the reliability of MEMS devices as 
areal contacts between large portions of adjacent surfaces are prevented, which usually 
leads to smaller adhesion forces and consequently to a lower chance of adhesion failure.  
On the other hand, spacers are typically placed within an already existing gap between 
two components, leading to a reduction of the effective distance between both compo-
nents and, consequently, to lower restoring forces. Due to this, adhesion-induced fail-
ures become more likely. 
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stop
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Consequently, applying spacers is not always beneficial, especially if the reduction of 
the effective distance between two components due to spacers cannot be compensated 
by an increased gap, which is typically the case for limited available design space. The 
following case study of a commonly utilized design component of meander springs will 
demonstrate the considerations involved in the application of spacers.  
Consider a meander spring suspension as depicted in Fig. 6.3 a). In case of no spac-
ers between the spring turns, there are two possible contact situations, illustrated in Fig. 
6.3 b): an areal contact between two adjacent turns, or a tip contact. Most critical are 
contacts between turns in the middle of the spring, as restoring forces are minimal. In 
this example, the smallest restoring force arises in case of contact between the tips of 
the middle turns to 2.2 μ3.  
  a)    b) 
Fig. 6.3:   a) Example of a meander shaped spring suspension; b) Possible contact situations. 
If a spacer with a height ℎ = 0.5 μ3 would be applied at the end of the beam as de-
picted in Fig. 6.4 a), an areal contact as illustrated in Fig. 6.3 b) would no longer be pos-
sible. However, the effective distance between the turns would be reduced to 1.5 μ3, 
leading to a restoring force of only 1.65 μ6, which makes adhesion-induced failure due 
to a tip contact (Fig. 6.4 b)) more likely compared to a spring version without any spac-
er (Fig. 6.3 b)).  
    
               a) b) 
Fig. 6.4:   a) Meander shaped spring suspension with spacer; b) Possible contact situation. 
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Consequently, the spacer should be placed at a distance  away from the tip as shown 
in Fig. 6.5 a). In order to assess the effect of the spacer on the arising restoring force 
and, hence, on the probability of adhesion-induced failures, two possible contact posi-
tions CA and CB have to be distinguished, illustrated in Fig. 6.5 b). In contact situation 
CA, the beams are in contact at their tips as well as at the spacer. Depending on the 
spacer position , a restoring force õ() arises at the beam tips, leading to a com-
pressive contact force at the spacer. In the second type of contact CB (Fig. 6.5 b) bot-
tom), adjacent spring turns contact each other only at the spacer, resulting into a restor-
ing force ö(). 
     
     a)  b) 
Fig. 6.5:   a) Placement of spacers at meander springs; b) Possible contact situations at meander springs 
with spacers. 
Fig. 6.6 compares restoring forces at the middle turns in case of a spring version without 
spacer (tip contact) and in case of a placed spacer for both contact situations CA and 
CB, depending on the stopper position . As both restoring forces õ() and ö() show an opposite trend, a good compromise for choosing the spacer position 
turned out to be the intersection of both force curves where õ(8) = ö(8). The 
position 8 is called optimum spacer distance from the tip, as it leads to the lowest 
probability of adhesion failure. In this case, restoring forces are even larger than those 
arising at a spring version without spacer (compare Fig. 6.6). In appendix A, the general 
validity of this statement is investigated by analytical calculations comparing the magni-
tude of restoring forces at springs with spacers to those without. 
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Fig. 6.6:   Comparison of restoring forces at meander springs with and without spacers. 
The previous example has demonstrated that it is possible to find an optimum spacer 
position 8 for a specific spring design. The placed spacer at the position 8 is able to 
improve the reliability of the investigated meander spring regarding adhesion-induced 
failures compared to a spring version without spacer. In order to investigate whether it 
is generally possible to find an optimum spacer positions for different spring versions 
and in order to investigate how 8 depends on design parameters of the springs, several 
finite-element simulations have been performed. Thereby, 8 has been determined de-
pending on the number of spring turns 5#$, spring lengths 0, spring width L, gaps & and spacer heights ℎ. Based on the obtained results, the empirical formula  
8 = 2 ⋅ 0 ⋅ ℎ3 ⋅ &  (6.1) 
has been derived to describe the dependence of 8 on the spring parameters 0, ℎ and &.  
In the following sections, two examples are presented in which 8 is calculated nu-
merically depending on different design parameters of springs. The examples allow a 
comparison between numerically and analytically determined optimum spacer positions 
according to (6.1). A first example is illustrated in Fig. 6.7, showing the dependence of 8 on the number of spring turns and on the spring length.  
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Fig. 6.7:   Meander spring example 1: optimum spacer position depending on the number of spring turns 
and spring length. 
In a second example of a 75 µm long meander spring, illustrated in Fig. 6.8, numerically 
and analytically determined stopper positions 8 are compared between middle and 
border contacts of turns for different spacer heights ℎ. 
Fig. 6.8:   Meander spring example 2: optimum spacer position and restoring forces depending on the 
spacer height and contact position. 
A further comparison for the same example is illustrated in Fig. 6.9 a), showing the de-
pendency of 8 on the gap & between the turns for different stopper heights. Fig. 6.9 b) 
illustrates the arising restoring forces for example 2 in case of optimum placed spacers 
depending on & and ℎ. Remarkable at this point is that for a given gap & between 
spring turns, restoring forces and therefore the reliability of a spring regarding adhesion-
induced failures can be increased by larger spacer heights ℎ up to a certain maximum. 
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 a) b) 
Fig. 6.9:   Meander spring example 2 with different gaps and spacer heights: a) Optimum spacer position 
b) Restoring forces. 
The examples have demonstrated the validity of (6.1) to accurately describe the opti-
mum spacer position within the range of investigated design parameters. An an alyti-
cal investigation of (6.1) is provided in appendix A, indicating the general validity of 
the introduced equation. However, a precise analytical demonstration on the validity of 
(6.1) is still pending. Nevertheless, (6.1) can be applied as a rough guideline to improve 
the reliability of standard meander springs during the design process regarding adhe-
sion-induced failures.  
6.2.2 Flexible travel stops 
Rigid travel stops are usually applied in MEMS devices in order to avoid fracture-
induced failures due excessive deflections of movable structural components in case of 
overload situations like for example acting shock accelerations. One crucial drawback 
of rigid travel stops are the arising impact forces when a MEMS structure hits a stop, as 
they can trigger further failure mechanisms of breakage and adhesion. Thereby, the 
probability that both failure mechanisms occur depends on the magnitude of acting 
loads as demonstrated in chapter 4. Consequently, the reliability of MEMS devices re-
garding both, shock-induced failures of breakage and adhesion, can be increased by 
reducing the arising impact loads at travel stops. As the acting shock level itself cannot 
be controlled or limited, especially during the final application of MEMS products, con-
structive measures have to be taken by MEMS designers in order to ensure the reliabil-
ity of their products within a certain range of specified loads. One option of reducing 
impact loads are flexible travel stops as proposed in [Yoon06a], [Yoon06b] and 
[Yoon09]. 
The following sections investigate the working principle of flexible stops as well as 
possible design parameters regarding their capability to reduce impact forces. Benefits 
and limitations of flexible stops increasing the reliability of MEMS devices are pointed 
out in the context of commonly limited design area and restricted device travel. 
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Constructive measures to mitigate impact forces. 
Compared to rigid travel stops without any additional structural compliancy, flexible 
travel stops are able to mitigate the impact of a movable MEMS component on a travel 
stop, and thus reduce the resulting compressive contact forces 〈〉. Two kinds of 
impact forces have to be distinguished depending on their physical origin. Consider a 
MEMS device with the mass 3 that is accelerated by an external shock load  t(C). 
The relative velocity H$(C) between the device and a flexible travel stop increases until 
it hits the stop with an impact velocity H". Due to the impact, the device is decelerat-
ed, leading to a fist kind of contact force according to Newton’s second law: 
〈〉(C) = 3 ËH$(C)ËC  (6.2) 
Assuming a constant deceleration of 3, (6.2) can be rewritten as  
〈〉 ≈ 3 H"∆C , (6.3) 
which points out the effect of the impact velocity H" and of the deceleration time ∆C 
on 〈〉. Impact forces based on (6.2) arise due to relative motion within the system. 
Hence, they will be referred to as dynamic impact loads hereafter for simplicity. If  t(C) lasts during the contact between mass and travel stop, a further impact force 
component will arise, given by 
uu〈〉(C) = 3 ⋅  t(C). (6.4) 
Impact forces resulting from (6.4) are referred to as quasi-static hereafter. Both kinds of 
impact forces contribute to the total compressive contact force 〈〉(C) that causes a 
relative deflection of the flexible travel stop E∗ depending on its stiffness 
. Hence, 
the simplified force equilibrium at the stop can be written as 
〈〉(C) = 
 ⋅ E∗(C) ≈ 3 ËH$(C)ËC + 3 ⋅  t(C) (6.5) 
or alternatively 
〈〉 = 
 ⋅ E∗ ≈ 3 H"∆C + 3 ⋅  t, (6.6) 
whereby effects due to the spring suspension and damping have been neglected. Ac-
cording to (6.6), the most obvious design parameter capable to mitigate 〈〉 is 
, 
as  t(C) cannot be controlled and 3 is commonly a function determining device pa-
rameter which cannot be changed unrestrictedly. 
 affects the deceleration time ∆C 
as well as the arising stopper deflection E∗. Quasi-static impact force components ac-
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cording to (6.4) are not affected by the flexible stop. Assuming a constant shock accel-
eration  t, H" can be estimated as 
H" ≈ ò2 t& (6.7) 
revealing a further design parameter of &: the gap between the device mass and trav-
el stop. A reduction of & would limit H" and, hence, the dynamic impact force 
component according to (6.3). Once again, the quasi-static force component (6.4) is not 
affected. The previous considerations have been strongly simplified and the spring sus-
pension as well as damping effects neglected. However, it should be pointed out that 
especially squeeze damping can lead to a significant reduction of H" whereby the 
purposeful utilization of the squeeze effect as a measure to reduce H"  is not possible 
in each case, as the damping of a system can affect the intended device functionality. 
Hence, remaining design parameters suitable to mitigate 〈〉 without compromising 
the functionality of a device are 
 and  &. & defines the time available to ac-
celerate 3 by  t. 
 affects the deceleration of H$(C) as well as the arising maxi-
mum stopper deflection E∗ corresponding to a kind of braking distance of the MEMS 
device. For an analytical estimation on the effect of 
 on the contact force, the 
MEMS system is considered in contact with the travel stop shortly after the impact. It is 
assumed that the external shock acceleration already decayed before contact. Damping 
effects as well as the spring suspension are neglected. In this case, the governing differ-
ential equation is given by 
3 mCm E∗(C) + 
 ⋅ E∗(C) = 0. (6.8) 
With 
#∗() «: = H$(C:) = H", it can be easily demonstrated that the solution of this 
equation is given by 
E∗(C) = H"b sin (bC) (6.9) 
where b = ò
/3. Hence, the relationship between the maximum dynamic induced 
contact force and the stiffness of a travel stop can be estimated by 
〈〉 = 
 ⋅ E∗ = H"ò3 ⋅ 
. (6.10) 
Consequently, it has been demonstrated that flexible travel stops are able to reduce aris-
ing impact loads by a suitable choice of the design parameter 
. Furthermore, the 
available travel distance & between MEMS and stop turned out to be an additional 
parameter that can affect arising impact velocities and therefore impact loads.  
However, capabilities to increase MEMS reliability based on adoption of both pa-
rameters are commonly limited by design restrictions in terms of available design area 
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on a chip and permitted device travel. A significant reduction of impact forces usually 
requires a large flexibility of travel stops, resulting in large stopper deflections. Howev-
er, the maximum deformations of stopper elements are limited by the fracture strength 
of the utilized beam elements. Further restrictions on the maximum stopper deflection 
result from the limited travel range of the MEMS devices, which is usually restricted by 
electrodes, anchors, or further design components. Consequently, the stiffness of flexi-
ble travel stops cannot be reduced unrestrictedly, limiting the capability of flexible trav-
el stops to mitigate arising impact forces. In addition, the investigations revealed that 
quasi-static impact loads (6.4) are not affected by either design parameters 
 or &. They turned out to be the minimum impact load a device and stop have to bear, 
independent of whether the stop was constructed flexible or not. 
Case study 
The following example of a single-axis accelerometer, illustrated in Fig. 5.1, will 
demonstrate the working principle of flexible travel stops. The device consists of a 
movable frame suspended at four meander springs, as well as of a large number of comb 
electrodes. In the middle of the frame structure, four travel stops are placed in order to 
limit the device travel in case of overload situations and, therefore, to avoid short cir-
cuits between frame and electrodes. In the context of this example, two versions of the 
device are considered, one equipped with rigid travel stops of 
$"" = 50,000 6/3, 
and the other with flexible stops of  
=! t = 3,400 6/3. Both devices are exposed to 
half-sine shock accelerations of 10,000 g of a pulse duration of 120 µs. 
Lumped element impact models of the devices have been implemented in order to 
calculate their responses on the applied shock acceleration. Fig. 6.10 shows the calcu-
lated system responses in terms of the device deflections, velocities and the arising im-
pact forces on the travel stops. In case of the device equipped with the rigid travel stops 
(Fig. 6.10 a)), a first dynamic impact force peak of 500 µN arises when the device hits 
the travel stops. The zoom section within the image shows that the device is decelerated 
within only 0.3 µs. After the first oscillations on the impact force curve decayed, the 
device is in quasi-static contact with the travel stop, leading to a local maximum of qua-
si-static impact force of 269 µN. In comparison, Fig. 6.10 b) shows the system response 
of the device equipped with the flexible travel stops. The flexible stops are able to re-
duce the arising dynamic impact force to 143 µN. Thereby, the deceleration time of the 
device is extended to 2.5 µs. The maximum impact force arising at the travels stops is 
the quasi-static impact force of 269 µN which is not affected by the flexible travel stops. 
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   a)  b) 
Fig. 6.10:   Shock responses of a MEMS device equipped with: a) Rigid travel stops; b) Flexible travel 
stops [Naumann10]. 
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7 Examples of application 
The aim of this chapter is to compare observed failures in MEMS devices exposed to 
dynamical load situations with predicted failures from application of the reliability ap-
proach. Thereby, the accuracy and limitations of the approach are investigated. 
Investigations are performed for two different test devices; capabilities and limita-
tions of the proposed approach for MEMS reliability are pointed out. The test devices 
are exposed to dynamical load situations by mechanical shocks or electrostatic actua-
tion; observed failure mechanism of breakage and stiction are compared to predicted 
failures from the applied reliability approach. Furthermore, the efficiency of flexible 
travel stops to increase device reliability is investigated. 
7.1 Shock test procedure 
For examining the proposed reliability approach, MEMS test devices need to be ex-
posed to dynamic loads situations. One possibility to do so is to apply shock accelera-
tions similar to real load situation occurring during the finally application of MEMS 
devices. Shock accelerations are generated by shock exciters that are mechanically cou-
pled to micromechanical test devices in order to perform shock tests. 
The main goal of the shock tests is to investigate the progressive failure (fracture, 
adhesion) of MEMS test devices depending on the magnitude of the applied shock ac-
celeration. To this end, the shock level is increased stepwise and the resulting device 
failure evaluated after each applied shock by optical inspection. As adhesion- and frac-
ture-induced failures in MEMS devices are of a probabilistic nature, a large number of 
identical devices need to be tested in order to achieve an acceptable level of confidence 
of how the observed failures depend on the applied shock level. Therefore, a large num-
ber of test devices should be investigated at the same time, such that they are exposed to 
the same shocks.  
In fact, a chip carrier is required to support a large number of diced test chips. The 
carrier has to fulfill several additional requirements. First, the shock acceleration is in-
tended to be applied to the chip charier by a shock exciter. Thereby, all mounted chips 
on the carrier should be exposed to the same shock acceleration in order to achieve 
comparable results between similar chips on a carrier. Furthermore, as test devices are 
intended to be investigated under different shock directions, the carrier should enable 
two mounting orientations of chips: vertically and horizontally referred to the shock 
direction (see Fig. 7.1 a)). Finally, the carrier has to enable an optical inspection of fail-
ures in all mounted chips after each applied shock acceleration.   
As a good compromise, a carrier design as illustrated in Fig. 7.1 a) was chosen. The 
carrier consists of a cylindrical block of aluminum. At its front end, steps were carved 
out such that test chips could be attached in two orientations (compare Fig. 7.1 a)). The 
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chips are mounted on the carrier with conductive glue in order to avoid charge accumu-
lations. The effect of the steps on the shock acceleration was investigated with reference 
measurements. Three accelerometers were used to compare the acting shock accelera-
tion at different positions of the carrier. Fig. 7.1 b) shows the results of a reference 
measurement as well as the test set-up. The shock levels differ about 10% between the 
steps; the maximum shock level occurs in the center of the carrier.  
  a)   b) 
Fig. 7.1:   a) Chip carrier with mounted chips in different directions; b) Reference measurement. 
The chip carrier was mounted on two different kinds of shock exciters of a hammer 
strike and a Hopkinson Bar exciter, illustrated in Fig. 7.2. The Hopkinson Bar exciter 
consists of a mounting base utilized to support a steel bar as well as a long pendulum 
utilized to apply a short force pulse on the bar that is clamped between elastic rubber 
material. The acting shock level at the chip charier was monitored by reference accel-
erometers (B&K 8309).   
 a)    b) 
Fig. 7.2:   Shock exciters: a) Hammer; b) Hopkinson Bar. 
Advantage of the Hopkinson Bar exciter, as opposed to the shock Hammer, is the well-
defined main shock direction. Furthermore, the stepwise increase of the applied shock 
level can be controlled by the deflection of the pendulum exciter. Advantage of the 
hammer strike procedure on the other hand, is the ability to apply almost ideal half-sine 
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shaped shock accelerations of low amplitudes. However, main drawback of both shock 
exciters is their low reproducibility of the generated shock accelerations in terms of the 
desired maximum shock level and the shock history. It is not possible to apply a desired 
amplitude of shock acceleration, nor a desired shape of the acceleration curve.  
Fig. 7.3 illustrates typical shock accelerations of both shock exciters. The excitation 
of test devices via Hammer strike corresponds to a pulse excitation whereas the Hopkin-
son Bar exciter corresponds to a vibration exciter with very short accelerations pulses 
due to the superimposed oscillations and the reflections of the elastic wave at the front 
and back faces of the bar.  
a)   b) 
Fig. 7.3:   Typical shock accelerations measured at: a) Hammer strike; b) Hopkinson Bar. 
Nevertheless, the proposed shock exciters are principally suitable to investigate shock-
induced failure mechanisms in MEMS devices as they enable a stepwise increase of 
shock accelerations as well as their measurement, both of which are minimum require-
ments on such kind of test systems.  
7.2 Case study 1 
7.2.1 Test device C1 
The first test device C1 which has been utilized to investigate breakage as well as adhe-
sion-induced failures is depicted in Fig. 7.4 a) [Naumann12]. The device was fabricated 
with technology TA. It consists of a seismic mass suspended at four meander springs. 
The damping of the device was minimized to investigate dynamic impact loads accord-
ing to (6.2) and, hence, to examine flexible travel stops regarding their efficiency to 
improve MEMS reliability. Therefore, large parallel moving plates leading to squeeze 
damping were avoided.  
By application of a mechanical shock acceleration parallel to the substrate into oper-
ating direction of the device, its mass can be brought into contact with a test stopper 
element intended for breakage and adhesion investigations. Due to the low damping, 
bouncing will occur between the test stop (contact gap 1 µm) at one side of the device 
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and a robust rigid stop at the other side (contact gap 2 µm). After each applied shock 
excitation, device failures in terms of permanent adhesion to the test stop or breakage of 
the stopper element are evaluated by optical inspection. In case of permanent adhesion, 
acting adhesion forces exceed the restoring force of the device of about 5 µN. At higher 
shock levels, the impact of the device mass on the test stop leads to breakage of the an-
chors of the test stop. In order to avoid interactions between adjacent devices on a chip 
in case of broken test stops, large guides in the center of the proof mass ensure its final 
position. 
The utilized test stopper elements vary in the size of anchors to substrate and in their 
contact stiffness. Three different anchor types of 3x3, 5x5 or 9x9 and four different 
stiffness types 720, 1440, 4350 and rigid were combined with each other leading to a 
total number of 12 design modifications. The labeling of anchor types corresponds to 
the side length of the utilized square anchors. Each stopper element is equipped with 
two equally sized anchors. The stiffness types correspond to the stiffness of travel stops 
in N/m and rigid means no additional flexibility through beam elements. Fig. 7.4 b) il-
lustrates a selection of utilized stopper elements that were investigated for breakage.  
a)   b) 
Fig. 7.4:   a) Test device for breakage investigation of stopper elements; b) Selection of investigated stop-
pers varying in contact stiffness and anchor area [Naumann12]. 
The total dimensions of the device were kept small in order to maximize the number of 
test devices on one chip. In total, each device modification was placed three times on 
one test chip, which improves the statistical certainty of results. The following section 
summarizes the obtained results. 
7.2.2 Shock test results 
Fractures 
In total, four independent shock series were performed to investigate the dependence of 
stopper breakage on the applied shock level, the utilized anchor area as well as on the 
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contact stiffness of the stops. The first two shock series were performed by hammer 
strike and the third and fourth shock series by the Hopkinson Bar exciter. In each shock 
series, at least 315 test devices were exposed to stepwise increased shock accelerations. 
All four shock series showed comparable results, thus clearly demonstrating the effi-
ciency of flexible travel stops to improve the shock resistivity of devices compared to 
rigid stops. The following sections present exemplarily the results of shock series three 
and four.  
The diagrams in Fig. 7.5 illustrate the observed failure rates in test series four for the 
anchor types 3x3, 5x5 and 9x9 depending on the applied maximum shock level and on 
the utilized contact stiffness of the travel stops (485 tested devices).     
Fig. 7.5:   Failure rates at shock series four of stopper elements of different anchor types 3x3, 5x5 and 9x9 
depending on the maximum applied shock level and on the contact stiffness of the stops. 
The diagrams show that it is possible to improve the reliability of devices with flexible 
travel stops, as compared to rigid ones. Test devices equipped with flexible stops exhibit 
a lower or equal failure rate compared to devices with rigid travel stops.   
Consider the example of test devices with anchors type 5x5 (Fig. 7.5 b)). Test devic-
es equipped with rigid travel stops start failing above 6,900 g; a 100 % failure rate is 
already reached at 11,800 g. Compared to this, all devices with flexible stops 1440 sur-
vived up to 20,200 g. Hence, the flexible stop 1440 is able to extend the maximum ap-
plicable shock level to the device by about 13,300 g related to a 0 % failure rate. Similar 
results were obtained for anchor types 3x3 and 9x9, whereby the best contact stiffness 
for type 3x3 turned out to be 720 N/m and for type 9x9, 4350 N/m.  
Fig. 7.6 shows the results of shock series three of 315 tested devices.  
Fig. 7.6:   Failure rates in shock series three for stopper elements of different anchor types 3x3, 5x5 
[Naumann12] and 9x9 depending on the maximum applied shock level and on the contact stiffness of the 
stops. 
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A comparison to shock series four (Fig. 7.5) reveals similar trends with regard to the 
stopper efficiency whereby the detailed results in terms of the detected failure probabil-
ity depending on the applied shock level differs due to the fact that accelerations steps 
are not reproducible.  
The experimental results verified that flexible travel stops are able to improve device 
reliability with regard to fracture-induced failures. The optimum contact stiffness of a 
flexible travel stop depends on the utilized anchor strength, pointing out the need to find 
optimum design parameters of flexible travel stops depending on their individual appli-
cation.  
Adhesion 
The introduced test device was also utilized to investigate adhesion-induced failures at 
low shock levels before stopper breakage occurs. Thereby, almost no device failure was 
observed. Possible reasons are the low damping of the device as well as the oscillations 
superimposed on the applied shock accelerations leading to an excessive bouncing of 
the devices and, finally, to a release from the travel stops. A more detailed investigation 
is provided in the next section. 
7.2.3 Application of the reliability approach 
Fracture-induced failures 
A calculation model based on lumped elements was chosen to describe the behavior of 
test device C1 exposed to the measured shock accelerations. The necessary model pa-
rameters like mass and spring constant were derived from the geometrical dimensions 
of the device. As the effect of squeeze damping in the test device was minimized, re-
maining damping effects are considered by a constant damping ratio. Measurements of 
the in-plane step response verified this assumption to be a good approximation. The 
damping ratio was determined as  =  0.0185 by the logarithmic decrement (see Fig. 
7.7 a)).  
The LEIM calculated the system responses of the test devices for the applied shock 
accelerations. From the history of impact forces on the test stop, the maximum impact 
load was derived; hence, the probability of stopper failure due to breakage could be es-
timated. The following example will demonstrate the procedure for a shock level of 
44,000 g applied during test run four (Fig. 7.5). 
Consider two test devices with stopper types 4350 and rigid, both equipped with an-
chor type 9x9. Fig. 7.7 b) illustrates the calculated time curves of impact forces acting 
on the test stops of both devices. The diagram shows an excessive bouncing of both 
devices due to the low damping as well as significantly lower impact forces in the de-
vice with the flexible stop 4350 compared to the rigid one. From the time curves, max-
imum impact forces were derived. Thereby, the efficiency of flexible travel stops to 
mitigate impact loads becomes obvious. At 44,000g, the test device with the rigid stop 
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has to bear a maximum impact force of 31 mN, compared to 4 mN for the device with 
the flexible stop 4350. 
Based on the calculated impact forces, statements on the probability of failure of 
both devices are possible, considering the fracture strength of the corresponding anchor 
type 9x9. Fig. 4.5 shows the fracture forces of anchors for the utilized fabrication tech-
nology TA depending on the anchor area. In case of a 81 µm2 square anchor area, the 
minimum fracture force is estimated to be about 12 mN and the maximum fracture force 
18 mN, which corresponds to a probability of failure of about 99 %. 
As travel stops are equipped with two equally sized anchors (compare Fig. 7.4), each 
anchor has to bear only half the arising impact force at the stop. In the example, each 
anchor of the rigid stop is exposed to 15.5 mN, which corresponds to a probability of 
failure of approximately 70 % per anchor. As the whole stopper element can only fulfill 
its functionality if both anchors are intact, the theory of the weakest link has to be ap-
plied to determine the probability of failure for the whole stop resulting in <=  =  (1 − 1 –  0.7m) ∗ 100 =  95%. In case of the flexible stop 4350, a maximum impact force 
of 2 mN per anchor arises, corresponding to a probability of failure <=  =  0% for the 
whole stop. Both results correspond to the observed failure rates (compare Fig. 7.5 c)). 
 
  a)   b) 
Fig. 7.7:   a) Measured in-plane step response for determining the damping ratio ; b) Impact forces at 
stopper element 9x9 of test series four for two stopper versions 4350 and rigid at 44,000 g. 
Similar considerations were performed for all shock levels of test series four. Fig. 7.8 a) 
illustrates the calculated maximum impact forces. With the diagram, the efficiency of 
flexible stops to mitigate arising impact forces can be compared, depending on the act-
ing shock acceleration and stopper stiffness. Compared to the rigid stop, stopper type 
4350 works efficiently up to 56,000 g, reducing impact forces to a maximum of 6 mN. 
Stopper type 720, on the other hand, is only able to limit arising impact forces up to 
6,900 g. Above this level, impact forces cause the flexible beam element of stopper type 
720 to reach its maximum deflection, contacting the final stop (compare Fig. 6.2 b)). In 
this case, the stopper is acting as a rigid stop, thus leading to high impact forces. A simi-
lar behavior was observed for type 1440, which works efficiently up to 14,900 g.  
Based on the calculated impact loads, the probability of device failure was estimated 
according to Fig. 4.5. Fig. 7.8 b) compares observed and predicted failure rates for 
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shock series four. The predictions represent the general trend of failure but do not pre-
cisely match the observed failure rates. Possible sources of failure include the limitation 
of the system description to one degree of freedom because of the LEIM; misalignment 
of the test chips on the carrier; deviations of the acting shock level depending on the 
chip position on the carrier; and inaccuracies of the experimentally determined fracture 
strengths of anchors. Furthermore, parameters of the test device like stiffnesses, damp-
ing and mass are exposed to variations due to small fluctuations of process conditions 
during fabrication. They can only be determined with a limited accuracy and thus in-
crease the uncertainty of failure predictions. The highest uncertainty among device pa-
rameters is expected to occur at the stiffness values of rigid travel stops. Due to the high 
rigidity, the experimental determination of stiffness values is subjected to uncertainties 
of about +/-10%. 
 a)  b) 
Fig. 7.8:   Results of shock series four for anchor type 9x9: a) Calculated impact forces; b) Comparison 
between predicted and observed failure rates where filled markers represent predictions. 
However, the main reason for deviations between observed and predicted failure rates 
can be explained with a closer analysis of calculated system responses. As already 
demonstrated in section 5.1.3, MEMS systems exposed to shock accelerations can show 
a chaotic behavior due to the interactions with travel stops and nonlinear damping ef-
fects. In this case, their system response strongly depends on minor parameter varia-
tions. The diagrams illustrated in Fig. 7.8 were obtained for the most likely set of device 
parameters of damping, mass, stiffness values and adhesion forces. Accounting for a 
variation of the stiffness of the rigid stop of +10%, Fig. 7.9 a) compares impact forces 
between the original and modified stiffness at 44,000 g. The first peaks of impact forces 
for both stopper versions match almost exactly. However, the parameter variation leads 
to a small time shift of impacts, which accumulate over time. After a few peaks, the 
bouncing behavior differs completely, which leads to deviating maximum impact forces 
of 31 mN (original stiffness) compared to 25 mN (+10%). This strong dependence on 
minor parameter variations is typical for systems that are governed by discontinuous 
and non-linear differential equations [Dresig07]. In the example, the calculated system 
responses are stable and converged with regard to the simulation time step size C for 
both device versions. However, the slightly different system parameters lead to com-
pletely different solutions and therefore to a non-predictable behavior. The system with 
higher stopper stiffness exhibits a lower maximum impact force compared to the origi-
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nal system. Consequently, for statements on device reliability, it is necessary to investi-
gate how possible parameter variations affect arising load conditions. 
Fig. 7.9 b) illustrates how the variation of several device parameters affects arising 
impact forces at rigid travel stops of anchor type 9x9 for all applied shock accelerations 
of test series four. The parameters of contact stiffness and contact gap between device 
mass and test stop were varied by +/- 10% around their initial values. Adhesion forces 
at the stopper element were considered from 0 µN to 25 µN. The parameter variations 
lead to a significant variance of calculated impact forces. A comparison with acting im-
pact forces, estimated based on the observed failure rates, reveals an off-center position 
but within the bandwidth of calculated impact forces. 
 
    a)   b) 
Fig. 7.9:   Impact forces on rigid travel stops: a) Effect of parameter variations on the shock response; b) 
Effect of parameter variations on the calculated maximum impact force. 
It is evident that the accuracy of the predictions regarding device reliability depends on 
the bandwidth of possible impact forces. However, contrary to linear systems, the ob-
served bandwidth of impact forces for the investigated system mainly results from its 
chaotic behavior instead of the range of the considered parameter scatter which is 
demonstrated in Fig. 7.10. The diagram illustrates arising impact forces for the same 
system but with a tighter range of considered parameter variations of +/- 1% for stopper 
stiffness and contact gap as well as a reduced range of considered adhesion forces from 
0 µN to 5 µN. From the diagram, it becomes clear that the off-center position of ob-
served impact forces within the range of calculated ones as well as the bandwidth of the 
calculated impact forces is only slightly affected by the range of considered parameter 
variations. Hence, the example demonstrated that the accuracy of predicted failure rates 
can hardly be improved by an improved accuracy of determined system parameters. 
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Fig. 7.10:   Effect of small parameter variations on the calculated maximum impact forces. 
Similar considerations can be made for flexible stopper elements. Fig. 7.11 illustrates 
how variations of system parameters of acting adhesion forces, contact gap as well as 
the stiffness of the final stop affect the calculated impact forces at stops 1440 and 4350. 
Thereby, finial stops operate as a rigid stop when the maximum deflection of the flexi-
ble spring elements is reached. Fig. 7.11 a) shows the calculated impact forces at the 
flexible stop 1440. Three sections can be distinguished.  
In section I, up to 9000g, the flexible stop 1440 efficiently reduces the magnitude of 
impact forces. Within this range, the deflection of the flexible beam element of the stop 
remains smaller than the maximum possible deflection. In section II, the maximum 
beam deflection of the travel stop is reached for several parameter combinations. In this 
case, the stop acts as a rigid travel stop, significantly increasing impact forces. Howev-
er, impact forces in section II are still smaller than the minimum fracture strength of the 
anchors. In section III, above 32,000 g, impact loads exceed the minimum fracture force 
of the stop and lead to device failure. The calculated impacted forces in Fig. 7.11 a) 
correspond to the observed failures in Fig. 7.5 c).  
A similar behavior was observed for stopper type 4350, depicted in Fig. 7.11 b). 
Within section I, up to 33,000 g, the flexible stop 4350 operates within its intended 
working range and limits impact forces to about 6mN. At higher shock levels in section 
II, the flexible beam element of the stop reaches its maximum deflection for several 
parameter combinations, leading to a strong increase of impact forces. However, for 
most parameter combinations, impact forces remain smaller than the minimum fracture 
strength of the stop, which corresponds to the findings of the shock test in Fig. 7.5 c). 
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  a)  b) 
Fig. 7.11:   Effect of parameter variations on the calculated maximum impact forces for different stopper 
types: a) 1440; b) 4350. 
The investigations showed that the behavior of MEMS systems equipped with flexible 
travel stops can be subdivided into three regions. In region I, flexible travel stops oper-
ate within their intended working range without contact to the final hard stop. Within 
this range, the investigated systems do not show a chaotic behavior. Small variations of 
system parameters lead to small variations in calculated impact forces. The system be-
havior is predictable. Within section II and III, impact forces exceed the intended work-
ing range of flexible stops, leading to contacts between the flexible beam elements and 
the final stop. In this case, the flexible stops operate like rigid ones. The system shows a 
chaotic behavior. 
Adhesion-induced failures 
The test device was also utilized to investigate shock-induced adhesion failures. How-
ever, as already stated in section 7.2.2, almost no test device stuck to the test stop. In 
order to investigate the reason for this, the LEIM has been utilized. The investigations 
confirmed the assumption in 7.2.2. Due to low damping, a large amount of kinetic ener-
gy of the device is transformed into potential strain energy of stops and vice versa. Con-
sequently, arising tensile forces at the test stops by far exceed the restoring forces of the 
device. Simulations showed that adhesion forces of about 90 µN would be required to 
cause adhesion failure. Fig. 7.12 shows exemplarily the system responses in case of 
adhesion forces of 80 µN and 90 µN, respectively. Both systems were excited by a si-
nusoidal acceleration of 5000 g. At time step t=0.6 ms, the excitations signal was 
switched off. Only the system with adhesion forces of 90 µN stays in contact with the 
travel stop.  
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Fig. 7.12:   Shock response of test device C1 for different adhesion forces. 
Summary 
It was demonstrated that flexible stops are able to increase the maximum applicable 
shock level and, therefore, the reliability of MEMS devices. The optimum stiffness de-
pends on the anchor strength and the magnitude of applied shock accelerations. 
Furthermore, it was demonstrated that the reliability approach is principally suitable 
to describe the general failure behavior of MEMS devices exposed to shock accelera-
tions. However, the accuracy of predictions is limited for several reasons. Additionally 
to the limited knowledge of the distribution of system parameters, main reason for the 
deviations was identified to be chaotic nature of the shock responses of MEMS devices, 
impacting on rigid travel stops with high contact stiffness.  
On the other hand, it was found that the reliability approach is suitable to accurately 
describe the system response in case of applied flexible stops operated within their 
working range (section I), as MEMS systems showed only a minor dependence of the 
calculated impact forces on parameter variations. Consequently, the proposed reliability 
approach enables identifying optimum design parameters of flexible travel stops in 
terms of stiffness, contact gap and required anchor size. 
7.3 Case study 2 
7.3.1 Test device C2 
In case study 2, breakage and adhesion-induced failures were investigated for test de-
vice C2. The device was already presented in section 4.2.3 in the context of determining 
adhesion effects to substrate by quasi-static measurements (compare Fig. 4.25). In this 
investigation, the device is exposed to dynamic load situations by mechanical shock 
accelerations and by electrostatic actuation. 
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Breakage effects are investigated for different stopper elements, which were used to 
limit the in-plane travel of the device. Fig. 7.13 shows the applied stopper elements. 
They are similar to those investigated in C1 in section 7.2. Shock accelerations are ap-
plied in-plane in the x-direction of the device, whereby the arising impact loads mainly 
have to be borne by the inner stopper elements.  
For the purpose of adhesion investigations to substrate, the test device was operated 
electrostatically and voltage steps of different slew rate and magnitude were applied in 
order to create dynamic impact forces to the substrate.  
 
Fig. 7.13:   Test device C2. 
In both cases—of adhesion and fracture investigations—the dynamic system response 
of the test device has to be described depending on the acting stimuli. Therefore, the 
ROIM, instead of the LEIM, approach was chosen as the generated model can be ap-
plied for both investigations enabling to account for several degrees of freedoms as well 
as for structural deformations that might be excited during the investigations. The gen-
eration of the ROIM is presented in the following section. 
7.3.2 ROIM generation 
To generate a ROIM, a full finite element model of the device as depicted in Fig. 7.14 
first needs to be implemented. The model is utilized for a modal analysis to extract the 
necessary data, such as eigenfrequencies and eigenvectors. Most important are the low-
est eigenfrequencies as they contribute most significantly to the total system response. 
In the example, the first 50 eigenfrequencies were considered in the ROIM; they ac-
count for the most relevant degrees of freedom as well as for structural deformations 
x
yz
Inner flexible travel stops
Outer travel stops
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that may occur due to impact forces acting on the device. A small selection of consid-
ered modes is depicted in Fig. 7.14 b). The corresponding eigenvectors are needed to set 
up the transformation matrix e utilized to perform coordinate transformations from 
modal in to local coordinates and vice versa. However, the dimension of eigenvectors is 
usually very large as it is equal to the total number of nodes within the FE-model. In 
order to improve the simulation speed of reduced order models and to make them easier 
to handle, eigenvectors are commonly established from a reduced set of finite element 
nodes called master nodes. Master nodes are chosen at spots along the structure, re-
quired for displacement information, displacement constraints or to couple in external 
forces. Fig. 7.14 a) shows the positions of master nodes in the example that are required 
to account for interactions with travel stops or to couple in forces due to squeeze damp-
ing or electrostatic actuation. Master nodes 9 and 10, for example, are placed at the out-
er edges of the spacers to substrate to account for the limited device travel to substrate 
as well as for arising contact forces (compressive or adhesion). 
   a)  b) 
Fig. 7.14:   Full FE-model of test device C2: a) Position of master nodes; b) Mode shapes. 
 
                                                                                                     
Examples of application 127 
 
  
Table 6 summarizes the defined master nodes for the ROIM as well as their functionali-
ty.  
Table 6: Purpose of master nodes 
Master 
node 
Application Master 
node 
Application 
1 Stop side wall (y) 11 Displacement info (z) 
2 Stop side wall (y) 12 Stop side wall, Squeeze damping  (x) 
3 Displacement info (z) 13 Stop side wall, Squeeze damping  (x) 
4 Stop substrate (z) 14 Stop side wall, Squeeze damping  (x) 
5 Squeeze damping, electrostatic 
force (z) 
15 Stop side wall, Squeeze damping  (x) 
6 Squeeze damping (z) 16 Stop side wall (y) 
7 Squeeze damping (y) 17 Stop side wall (y) 
8 Squeeze damping (y) 18 Stop side wall (y) 
9 Stop substrate (z) 19 Stop side wall (y) 
10 Stop substrate (z)   
 
After the modal analysis, the required information like eigenfrequencies and modal dis-
placements are exported to Matlab. Based on this data, the ROIM was implemented in 
Simulink, as depicted in Fig. 7.15. Contact and damping cells are added from a standard 
library to the Simulink model. They have to be connected to the corresponding dis-
placement and velocity ports of the defined master nodes according to  
Table 6. For this purpose, modal displacements and velocities need be transformed into 
local coordinates by multiplication with the corresponding transformation blocks for 
local coordinates (x,y,z). Subsequently, damping and contact forces are transformed 
back into modal space according to % = eÁü by special force transformation blocks. 
Before the ROIM can be utilized, the model needs to be initialized, thus defining the 
required parameters like contact gaps at the master nodes, the adhesion behavior, stop-
per stiffnesses, the size of damping plates and environmental conditions like the sur-
rounding device pressure or acting accelerations.  
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Fig. 7.15:   Reduced order impact model of test device C2 implemented in Simulink. 
A final adaption of the ROIM is needed to account for the etch holes within the device 
plate, as these affect the damping force to substrate. Since the currently implemented 
damping models are not able to account for perforated damping plates, full-finite ele-
ment fluid simulations by ANSYS CFX were performed to estimate the effect of the 
etch holes on the damping force. The implemented model was simplified and only the 
air in the gap between substrate and functional layer as well as within the etch holes was 
considered. Fig. 7.16 a) illustrates the meshed air within the gap and the holes. Possible 
pressure gradients in the surrounding fluid as well as the plate tilt were neglected. Fig. 
7.16 b) shows the calculated pressure distribution on the substrate; the effect of the per-
forations is clearly visible. 
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 a) b) 
Fig. 7.16:   Full-finite element model of a perforated plate implemented in ANSYS CFX: a) Meshed air; 
b) Calculated pressure distribution on the substrate. 
The CFX model was utilized to determine a correction factor -.!  that considers the 
effect of the etch holes on the damping force. -.!  is defined as the ratio of damping 
forces of a perforated plate to a non-perforated plate. The simulations revealed that -.!  depends on the plate deflection more than on its velocity as Table 7 demonstrates. 
Table 7: Correction factor -.!  depending on the considered maximum plate deflection and on the fre-
quency. 
Deflection 
Frequency 
100 Hz 1 kHz 10 kHz 100 kHz 
0.2 µm 0.23 0.23 0.23 0.23 
0.6 µm 0.14 0.14 0.14 0.15 
1 µm 0.062 0.061 0.059 0.07 
 -.! (E·) has been multiplied by the damping forces to substrate which have been cal-
culated by the implemented FDM (see Fig. 7.17). 
 
Fig. 7.17:   Damping force at C2 in case of device motion to substrate calculated by the FDM. 
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To investigate the accuracy of the implemented ROIM, calculated and measured step 
responses were compared. The plate displacements were measured by the laser vi-
brometer of the MSA500 and subsequent integration. Thereby, two cases of operation 
of contact and non-contact to substrate were investigated. Fig. 7.18 compares measured 
and calculated step responses. Small deviations are mainly due to the rough approxima-
tion of the damping effects. However, the effect is small and therefore negligible.  
  a) b) 
Fig. 7.18:   Comparison of calculated and measured step responses: a) No contact to substrate; b) Contact 
to substrate. 
7.3.3 Adhesion-induced failures 
The investigation of adhesion-induced failures in case study 1 in section 7.2 showed 
that the utilized shock exciters were insufficient for sticking investigations. Due to the 
oscillations, superimposed on the acting shock accelerations, MEMS devices are excited 
for bouncing, leading to a very small failure rate, which makes it quite complicated to 
examine the proposed reliability approach with regard to adhesion-induced failure.  
Therefore, dynamical load situations are emulated by electrostatic actuation. Voltage 
steps of different height and slew rates are applied to test device C2, leading to more or 
less severe impacts of the device on the substrate. Arising impact loads were calculated 
by the introduced ROIM as illustrated in Fig. 7.19. 
 
Fig. 7.19:   Calculated impact forces on substrate depending on the magnitude and slew rate of the applied 
voltage steps. 
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In total, five force steps were applied to 200 devices to investigate their adhesion behav-
ior. Fig. 7.20 illustrates the observed failure rates; these can be compared to the quasi-
static measurements presented in section 4.2.3. 
 
Fig. 7.20:   Comparison of failure rates of quasi-static and dynamic actuation. 
7.3.4 Fracture-induced failures 
The test device C2 was exposed to main shock accelerations acting in the x-direction of 
the device. Therefore, the chips with the test devices were mounted on the chip carrier 
as illustrated in Fig. 7.21 a). The shocks were applied using the Hopkinson bar exciter. 
In total, about 160 devices equipped with different stopper versions were tested. Acting 
shock accelerations at the test devices were measured in three directions aligned with 
the coordinate system of the test devices. Reference accelerometer Ref1 measures the 
shock acceleration in the main shock direction, and Ref2 as well as Ref3 in the cross 
directions. Fig. 7.21 b) shows the measured accelerations signals in case of a main 
shock of 30,000 g detected by Ref1. In this case, a maximum acceleration in the cross 
direction y was detected as -3,500 g. The measured acceleration signals of Ref1, Ref2 
and Ref3 at each applied shock are used as input signals for the ROIM. 
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         a)  b) 
Fig. 7.21:   a) Orientation of mounted test chips and reference accelerometers on the chip carrier; b) 
Measured shock accelerations. 
The results of the shock tests are depicted in Fig. 7.22. In case of anchor types 5x5 (Fig. 
7.22 a)), flexible travel stops are able to improve the device reliability, similar to the 
findings in section 7.2.2 in case study 1. However, for anchor type 9x9, the opposite 
trend was observed. Devices equipped with the rigid travel stop showed a much lower 
failure rate for the same shock level compared to devices with flexible stops. 
Fig. 7.22:   Failure rates test device C2 with anchor types 5x5 and 9x9 depending on the maximum ap-
plied shock level and on the contact stiffness of the stops. 
In order to investigate the observed fracture behavior, the ROIM was utilized to calcu-
late acting loads on the travel stops. It turned out that the observed failure behavior for 
devices with anchor type 9x9 did not agree with the predicted behavior. The search for 
possible sources of errors finally located a mistake in the mask set of the devices. For all 
flexible travel stops with anchors of type 9x9, the final stop was forgotten to be placed, 
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as depicted in Fig. 7.23 a). Final stops were only applied at travel stops with anchor type 
5x5. The final stop ensures that arising impact forces act in the center of a travel stop, 
equally balanced between both anchors, when the maximum deflection of the beam el-
ement of flexible stops is reached. 
Without the final stop, the movable mass is able to contact the outer corners of the 
stopper element as depicted in Fig. 7.23 b) for a parallel shift of the device. However, 
simulations by the ROIM showed that due to superimposed oscillation in the y-
direction, contacts as depicted in Fig. 7.23 b) are rather unusual. Due to the torsion of 
devices around their z-axis, the mass commonly hits only one of the outer edges of the 
stops. Consequently, arising impact forces at flexible stops equipped with anchors type 
9x9 mainly act at one anchor instead of two like at the rigid stopper version 9x9 which 
explains the early device damage of flexible stops. As the utilized contact cells within 
the ROIM were implemented based on a complete stopper model including the final 
stops, the first attempts to explain the observed failure rates failed. 
   
                a)          b) 
Fig. 7.23:   Flexible stopper elements at test device C2: a) Missing final stops at stopper elements 
equipped with anchor type 9x9; b) Contact of outer stopper body due to missing final stop. 
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8 Summary and outlook 
Summary 
This thesis presented a comprehensive and systematical approach to consider MEMS 
reliability with respect to shock-induced failures of breakage and adhesion. The focus 
was on considerations during the design phase of new products—before first prototypes 
are fabricated which could be utilized for experimental investigations of shock resistivi-
ty.  
In this context, both failure mechanisms were studied in order to examine suitable 
methods of description as well as to identify environmental or operational parameters 
affecting the occurrence of both failure mechanisms. With regard to adhesion-induced 
failures, a suitable parameter describing the strength of adhesion effects was identified 
to be the adhesion force, which facilitates a direct application in the context of impact 
models. Breakage effects, on the other hand, can be described by the Weibull distribu-
tion function that accounts for the brittle nature of the utilized materials, since these 
exhibit a distinctive scatter of strength characteristics.  
Based on the theoretical considerations, both failure mechanisms were investigated 
experimentally for fabrications technologies TA and TB by micro-mechanical test de-
vices. Regarding fracture-induced failures, it turned out that the fracture strengths of 
device components exhibit strong variations that can be described by the Weibull distri-
bution function, although the validity of the Weibull theory could not be proved. Never-
theless, the obtained fracture data provide a valuable database for predicting fracture 
incidents in arbitrary MEMS devices fabricated by the investigated technologies as frac-
ture tests were performed at typical device components like anchors and spring suspen-
sions instead of abstract specimens. 
The investigations on the adhesion behavior to side walls and substrate by test devic-
es showed that the failure rate and the magnitude of adhesion forces to strongly depend 
on the acting compressive contact force. Higher contact forces increase the probability 
of stronger adhesion forces to occur and, hence, also the observed failure rate. Further-
more, it was demonstrated that the efficiency of an anti-stiction coating to reduce adhe-
sion-induced failures can be affected by compressive contact forces, depending on the 
contact position. For contacts to side walls, the coating is not affected by the contact 
force, whereas for contacts to substrate, the efficiency of the coating gets lost in case of 
higher contact forces. 
The results from the experimental characterization of both failure mechanisms pro-
vide a comprehensive database that can be used to predict the reliability of MEMS de-
pending on acting load conditions. In order to determine possible load conditions during 
acting shock accelerations, two impact models were introduced that can calculate shock 
responses of MEMS. The models were implemented in terms of a modular toolbox such 
that system models could be generated in a fast and convenient way. The first impact 
model simplifies MEMS devices to one degree of freedom by assuming lumped system 
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parameters of mass, spring constant and damping. The so-called LEIM solves only one 
differential equation of motion for the considered main shock direction and thus makes 
fast simulations possible. The second impact model accounts for a large number of pos-
sible degrees of freedom. The model is called ROIM, as it is based on the reduced order 
algorithm of modal superposition solving the considered differential equations of mo-
tion in modal space. Both impact models are able to account for contacts to travel stops 
as well as for fluid interactions implemented in terms of different damping models 
based on the squeeze and slide film theory. 
In general, the investigations of shock responses of MEMS by ROIM or LEIM indi-
cated that a chaotic system behavior is possible, as the governing differential equations 
are nonlinear and discontinuous. This effect was observed for impacts on rigid travel 
stops, leading to a strong susceptibility of calculated shock responses to depend on mi-
nor parameter variations and, hence, requiring parameter sweeps in order to obtain 
statements on MEMS reliability. However, the investigations also showed that in case 
of applied flexible travel stops, no chaotic behavior occurred, such that shock responses 
of MEMS could be described fast and precisely. 
Based on the obtained knowledge from theoretically and experimentally performed 
investigations of both failure mechanisms as well as by application of the implemented 
impact models, several constructive measures—in terms of flexible travel stops, spacers 
and joints of spring suspensions—were introduced and examined with a focus on their 
capabilities to improve the reliability of MEMS with regard to shock-induced failures. 
Finally, it was demonstrated in two case studies that the proposed approach for 
MEMS reliability is applicable to describe and predict the failure behavior of MEMS 
exposed to dynamic load conditions like shock accelerations. Thereby, the accuracy of 
system descriptions and failure predictions is mainly limited by the chaotic system be-
havior in case of impacts on rigid travel stops.  
Outlook 
The experimental characterization results for both failure mechanisms were obtained by 
the first generation of test devices. As the considered technologies TA and TB were 
investigated for the first time and, in fact, the adhesion behavior as well as the fracture 
strength of different design components was unknown, the test devices were optimized 
to cover preferable wide measurement or actuation ranges. Due to this, numerous design 
modifications were generated whereby only a small portion turned out to be suitable for 
the desired investigations. The pursued approach allows identifying the relevant meas-
urement ranges, however, it doesn’t support to sample them in an optimized way. In 
case of breakage investigations of anchor elements, for example, investigations had to 
be limited to square anchors, whereby the investigated design range of 16 µm2 up to 
400 µm2 anchor area was only sampled by four different anchor sizes in order to ac-
count for the limited chip area available to place test devices. 
In order to improve the already obtained database, a second generation of test devic-
es should be designed based on the already existing results described in this thesis. 
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Appendix 
A Placement of spacers at spring elements 
The following sections provide a simplified analytical investigation of the empirical 
equation (6.1), introduced in section 6.2.1, describing the optimum placement of spacers 
at meander springs. The software Mathcad was used for calculations in terms of an im-
plemented Mathcad worksheet. A standard meander spring suspension as depicted in 
Fig. 6.5 a) is assumed with the following given parameters: 
 
In the first part of this investigation, the accuracy of (6.1) is examined of describing the 
spacer position that results in equal restoring forces for both contact situations CA and 
CB. In the second part, the magnitude of restoring forces is compared for spring ver-
sions with spacers in the optimum position and for spring versions without spacers in tip 
contact. 
For this purpose, restoring forces for both contact situations CA and CB are calculat-
ed analytically based on simplified considerations. Contacts are assumed to occur be-
Given parameters
g 2 10
6−
⋅:= gap between spring turns
hs 1 10
6−
⋅:= height of the spacer
lsp 75 10
6−
⋅:= spring length
wsp 2 10
6−
⋅:= spring width
t 25 10
6−
⋅:= thickness 
E 149 10
9
⋅:= Young's Modulus 
I
wsp
3
t⋅
12
:= area moment of inertia 
od
2 lsp⋅ hs⋅
3g
:= optimum spacer distance from beam tip according (6.1)
q 1 10
6−
⋅:= maximum displacement beam tip
n 4:= number of spring turns total (1 turn = 2 beams)
Accounting for spring stiffnesses:
csb
3E I⋅
lsp
3
:= stiffness single side clamped bending beam
cdb
12E I⋅
lsp
3
:= stiffness double side clamped bending beam
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tween the middle turns of meander springs; due to symmetry, the considerations are 
limited to only one side of a meander spring. 
For CA, the restoring force õ of the considered spring side is subdivided in the 
force component õ_ provided by the beam that is directly in contact with the adjacent 
spring turn, and in a force õ_m provided by the remaining beams. As the contact beam 
has a nontrivial bending line (compare Fig. 6.5 b)), õ_ is calculated based on the 
bending energy. Therefore, the bending line of the contact beam was determined from 
the expected shape function––a polynomial of third order––and known boundary condi-
tions. õ_m, provided by the remaining beams, was approximated by a series connection 
of springs consisting of single-side clamped beams with stiffness values 
Û and of dou-
ble-side clamped beams with 
Û, multiplied by the total deflection &/2. Thereby, beam 
links connecting the bending beams of spring turns are assumed to be rigid and, fur-
thermore, only allowed to move translatory without any tilt or rotation. With these sim-
plifications, the restoring force for contact situation CA can be estimated by: 
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Restoring force contact case CA - tip contact
Calculation of the bending line uzCA x q, ( )
ans x a0, a1, a2, a3, ( ) a0 a1 x⋅+ a2 x2⋅+ a3 x3⋅+:= shape function bending line
d_ans x a0, a1, a2, a3, ( )
x
ans x a0, a1, a2, a3, ( )d
d
:=
dd_ans x a0, a1, a2, a3, ( )
x
d_ans x a0, a1, a2, a3, ( )d
d
:=
Given
ans 0 a0, a1, a2, a3, ( ) 0 ans lsp a0, a1, a2, a3, ( ) q boundary conditions
d_ans 0 a0, a1, a2, a3, ( ) 0 ans lsp od− a0, a1, a2, a3, ( ) g hs−( )2
D x q, ( ) Find a0 a1, a2, a3, ( )
0
0
g lsp
3
⋅ hs lsp
3
⋅− 2 lsp
3
⋅ q⋅− 2 od
3
⋅ q⋅+ 6 lsp⋅ od
2
⋅ q⋅− 6 lsp
2
⋅ od⋅ q⋅+
2 lsp
4
⋅ od⋅ 4 lsp
3
⋅ od
2
⋅− 2 lsp
2
⋅ od
3
⋅+
hs lsp
2
⋅ g lsp
2
⋅− 2 lsp
2
⋅ q⋅+ 2 od
2
⋅ q⋅+ 4 lsp⋅ od⋅ q⋅−
2 lsp
4
⋅ od⋅ 4 lsp
3
⋅ od
2
⋅− 2 lsp
2
⋅ od
3
⋅+






















→:=
uzCA x q, ( ) ans x D x q, ( )0, D x q, ( )1, D x q, ( )2, D x q, ( )3, ( ):= bending line contact beam
d_uzCA x q, ( )
x
uzCA x q, ( )
d
d
:= dd_uzCA x q, ( )
x
d_uzCA x q, ( )
d
d
:=
My x q, ( ) E− I⋅ dd_uzCA x q, ( )⋅:= bending moment
Ebend q( )
0
lsp
x
My x q, ( )( )2
2 E⋅ I⋅
⌠

⌡
d:= deformation  energy (bending)
FCA_1 q( )
q
Ebend q( )
d
d
:= restoring force contact beam CA
FCA_1
g
2






simplify
E I⋅ 2 hs⋅ lsp
4
⋅ 2 g⋅ od
4
⋅+ 2 g⋅ lsp⋅ od
3
⋅− 3 g⋅ lsp
3
⋅ od⋅− hs lsp
3
⋅ od⋅+

⋅
lsp
3
od
2
⋅ lsp
2
2 lsp⋅ od⋅− od
2
+

⋅
→
FCA_2
1
2
n
2
⋅ 2−






cdb
1
csb
+
g
2
⋅:= restoring force remaining beams
FCA FCA_1
g
2






FCA_2+:= total restoring force CA
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Restoring forces in case of contact situations CB have been calculated analogously to 
CA, whereby the bending line of the contact beam was assumed to correspond to a sin-
gle-side clamped beam. 
 
As the analytical equations for õ and ö were derived based on several simplifica-
tions, their accuracy was evaluated by comparing the results analytically to numerically 
calculated restoring forces depending on different design parameters &, ℎ and 0. In 
order to reduce the number of relevant parameters, the ratio  = ℎ/& was introduced 
with 0 <  < 1. It turned out that the analytical equations for õ and ö provide ac-
ceptable results in the range of about 0.1 <  < 0.65, as depicted in Fig. A.1. Numeri-
cal simulations based on finite element models of springs are expected to yield relative-
ly accurate results as they are able to account for the real bending lines that are affected, 
for example, by the flexibility of beam links.  
Restoring force  contact case CB - spacer contact
FCB_1
3 E⋅ I⋅
lsp od−( )3
g hs−
2






⋅:= restoring force contact beam CB
Restoring force remaining spring:
lc lsp od−:= q
g hs−
2
:=
uzCB x( )
3q
lc
3
lc x
2
⋅
2
x
3
6
−




:= bending line contact beam CB
d_uzCB x( )
x
uzCB x( )
d
d
:= m d_uzCB lc( ):= dh x( ) m x⋅:=
FCB_2
1
2
n
2
⋅ 2−






cdb
1
csb
+
g hs−
2
dh od( )+






⋅:=
restoring force remaining spring
FCB FCB_1 FCB_2+:= total restoring force CB
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Fig. A.1:   Relative deviation between analytical and numerical calculated restoring forces. 
As (6.1) is assumed to describe the optimum spacer position with õ = ö, the ratio A = õ/ö should be one for all parameter variations. The following calculation 
shows that within the range of 0 <  < 0.65, the ratio A is close to one. Deviations are 
expected to result from the simplified analytical equations that describe õ and ö. 
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R1 hs lsp, g, ( ) FCAFCB:=
Substitution of
hs
g
r with 0 r< 1<
R1 lsp r, ( ) 2 r⋅ 3−( ) 19072 lsp
3
⋅ r
2
⋅ 57216 lsp
3
⋅ r⋅− 42912 lsp
3
⋅+ 6480 E⋅ I⋅ r
2
⋅+ 9720 E⋅ I⋅ r⋅− 10935 E⋅ I⋅+

⋅
r 1−( ) 19072 lsp
3
⋅ r
3
⋅ 128736 lsp
3
⋅ r⋅− 128736 lsp
3
⋅+ 32805 E⋅ I⋅+

⋅
→
r 0.05 0.1, 0.65..:=
0 0.2 0.4 0.6 0.8
0
0.5
1
R1 50 10
6−
⋅ r, ( )
R1 100 10
6−
⋅ r, ( )
R1 150 10
6−
⋅ r, ( )
R1 200 10
6−
⋅ r, ( )
r
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Finally, the magnitude of restoring forces at meander springs with and without spacers 
is investigated. For this purpose, the restoring force in case of contact situations CA is 
compared to the tip contact of the middle turns without any spacer. It turned out that for 0.1 <  < 0.65, restoring forces in springs with a spacer placed at the optimum position 8 are always larger than restoring forces without any spacer, independent of the spring 
length 0.  
 
The analytical investigation of equation (6.1) indicates its validity. Deviations between 
analytical and numerical obtained results issue from the simplified analytical descrip-
tion of bending lines and restoring forces of meander springs. 
  
Comparison of restoring forces 
Fref_1
3 E⋅ I⋅
lsp( )3
g
2






⋅:= restoring force contact beam without spacer in tip contact 
FCA_1 FCA_1
g
2






:= restoring force contact beam with spacer for CA 
FCA_1 FCA_1 substitute od
2 lsp⋅ hs⋅
3g
, 
27 E⋅ I⋅ g
3
⋅ 24 E⋅ I⋅ g
2
⋅ hs⋅− 16 E⋅ I⋅ g⋅ hs
2
⋅+
18 g
2
⋅ lsp
3
⋅ 24 g⋅ hs⋅ lsp
3
⋅− 8 hs
2
⋅ lsp
3
⋅+
→:=
As restoring forces Fref_2 and FCA_2 provided by the remaining beams are equal in the context
of these simplified considerations, they are neglected, resulting in: 
R2
FCA_1
Fref_1
simplify
27 g
2
⋅ 24 g⋅ hs⋅− 16 hs
2
⋅+
3 3 g⋅ 2 hs⋅−( )2⋅
→:=
Substitution of
hs
g
r with 0 r< 1<
R2 r( )
27 24r− 16 r( )
2
⋅+
3 3 2 r⋅−( )
2
⋅
:= r 0.1 0.15, 0.65..:=
0 0.2 0.4 0.6 0.8
1
1.5
2
2.5
R2 r( )
r
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Theses 
1 Breakage and adhesion are dominant failure mechanisms of MEMS that consist 
of movable structural components (category II) and are operated in shock envi-
ronments. 
2 In order to avoid expensive and time-consuming redesigns or device failures in 
the end application, the reliability of MEMS has to be considered during the de-
sign phase of new products. 
3 Fracture and adhesion effects depend strongly on the device layout and on the 
utilized manufacturing technology. 
4 Test structures are suitable to extract material and processes dependent parame-
ters for fracture and adhesion analysis with high accuracy. The shape of test 
structures and critical dimensions should be similar to the layout of the MEMS 
devices. 
5 Stoppers and spacers limit structural displacements in order to keep material 
stress in an admissible range. Size and location must be optimized for both, to 
reduce fracture and adhesion failures. 
6 An optimum stopper size for contacts to side walls has been identified to be in 
the range of 6 µm to 8 µm resulting to the lowest adhesion-induced failure rates 
especially in case of shock environments with high contact forces. 
7 The occurrence of high compressive contact forces at stoppers or spacers in-
crease the adhesion strength and, consequently, the probability of failure. 
8 Flexible travel stops are a suitable measure to improve the shock resistivity of 
MEMS of category II as they are able to mitigate arising impact loads. Hence, 
the probability of fracture and adhesion failures can be strongly reduced. 
9 High contact forces at stoppers or spacers can reduce the efficiency of anti-
stiction coatings depending on the properties of contact surfaces. 
10 The implemented impact models based on lumped elements and modal superpo-
sition are suitable tools to calculate shock responses of MEMS devices as well as 
to identify critical load situations. 
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11 The main reason for the deviations between predicted and observed failures are 
multiple impacts on rigid travel stops (bouncing), leading to a chaotic system 
behavior due to the nonlinear and discontinuous nature of the governing differ-
ential equations. 
12 Stress concentrations at beam joints, as part of spring suspensions, can be effi-
ciently reduced by optimizing the roundings of corners that are not necessarily 
of circular shape. 
13 Meander springs are widely used for low-g inertial sensor products. The spacer 
location and size strongly affects the ratio of restoring and adhesion forces and, 
hence, the probability of sticking. 
